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a-CQDs Amine-carbon (quantum) dots / puntos cuánticos de 
carbono con grupos amino 
AgNPs  Silver nanoparticles / nanopartículas de plata 
AFM Atomic force microscopy / microscopio de fuerza atómica 
AN&N  Analytical nanoscience and nanotechnology / nanociencia 
y nanotecnología analíticas 
AuNPs  Gold nanoparticles / nanopartículas de oro 
BMIMBF4 1-butyl-3-methylimidazolium tetrafluoroborate / 1-butil-3-
metilimidazolium tetrafluoroborate 
Boc-EDA N-Boc-ethylenediamine / N-Boc-etilendiamina 
Boc-group Tert-butoxycarbonyl group / grupo terc-butoxicarbonilo 
C60  Buckminsterfullerene / buckminsterfullereno 
CDs  Carbon dots / puntos de carbono 
CDGs  Carbon dot gels / geles de puntos de carbono 
CE  Capillary electrophoresis / electroforesis capilar 
Cit  Citrate / citrato 
CMβ-cd β-cyclodextrin sodium salt / sal sódica β-ciclodextrina 
CNDs  Carbon nanodots / nanopuntos de carbono  
CNDGs Carbon nanodot gels / geles de nanopuntos de carbono 
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c-CNDs Cellulose-carbon nanodots / nanopuntos de carbono a 
partir de celulosa 
cd Cyclodextrin / ciclodextrina 
cd-CQDs β-cyclodextrin- carbon quantum dots / puntos cuánticos de 
carbono con β-ciclodextrina 
c-MWCNTs Carboxylated multi-walled carbon nanotubes / nanotubos 
de carbono de pared múltiple carboxilados 
CNTs  Carbon nanotubes / nanotubos de carbono 
CQDs  Carbon quantum dots / puntos cuánticos de carbono 
CQDGs Carbon quantum dot gels / geles de puntos cuánticos de 
carbono 
CTAB Hexadecyltrimethylammonium bromide / bromuro de 
hexadeciltrimetilamonio 
CTAC Hexadecyltrimethylammonium chloride / cloruro de 
hexadeciltrimetilamonio 
CZE  Capillary zone electrophoresis / electroforesis capilar de 
zona 
DIC N,N`-diisopropylcarbodiimide / N,N`-diisopropil 
carbodiimida 
4,8-DiMeIQx 2-amino-3,4,8-trimethyl-3H-imidazo[4,5-f] quinoxaline / 
2-amino-3,4,8-trimetil-3H-imidazo[4,5-f] quinoxalina  
DNP 2,4-dinitrophenol / 2,4-dinitrofenol 
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1,3-DNB 1,3-dinitrobenzene / 1,3-dinitrobenceno 
1,4-DNB 1,4-dinitrobenzene / 1,4-dinitrobenceno 
2,4-DNT 2,4-dinitrotoluene / 2,4-dinitrotolueno 
2,6-DNT 2,6-dinitrotoluene / 2,6-dinitrotolueno  
DLS Dynamic light scattering / dispersión de luz dinámica 
DMSO Dimethyl sulfoxide / Dimetil sulfóxido 
EDA Ethylenediamine / etilendiamina 
EDTA Ethylenediaminetetraacetic acid / ácido 
etilendiaminotetraacético 
f-CDs Functionalized carbon dots / puntos de carbono 
funcionalizados 
FD  Fluorescence detection / detección por fluorescencia 
FTIR  Fourier transforms infrared spectroscopy / espectroscopía 
de infrarrojo  
FT-MIR Fourier transforms mid infrared spectroscopy / 
espectroscopía media de infrarrojo 
GO  Graphene oxide / óxido de grafeno 
GQDs  Graphene quantum dots / puntos cuánticos de grafeno 
HA Humic acid / ácidos húmicos 
H-bond Hydrogen bond / puente de hidrógeno 
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HPLC  High performance liquid chromatography / cromatografía 
líquida de alta resolución 
IFE Inner filter effect / efecto de filtro interno 
IL Ionic liquid / líquido iónico 
IR Infrarred /infrarojo 
LMWG Low molecular weight hydrogelator / Hidrogelator de bajo 
peso molecular 
LOD Limit of detection / límite de detección 
LOQ Limit of quantification / límite de cuantificación 
MCC Microcrystalline cellulose / celulosa microcristalina 
MeCN Acetonitrile / acetonitrilo 
MeIQx 2-amino-3,8-dimethylimidazo[4,5-f] quinoxaline / 2-
amino-3,8-dimetilimidazo[4,5-f] quinoxalina  
MWCNTs Multi-walled carbon nanotubes / nanotubos de carbono de 
pared múltiple 
NAC N-acetyl-l-cysteine / N-acetil-L-cisteína 
Na3Cit Tribasic sodium citrate / citrato sódico tribásico 
NC  Nanocellulose / nanocelulosa 
N-doped Nitrogen doped / dopados con nitrógeno 
NIR Near infrared / infrarrojo cercano 
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NHS N-hydroxysuccinimide / N-hidroxisucinimida 
NMR  Nuclear magnetic resonance / resonancia magnética 
nuclear 
NPs  Nanoparticles / nanopartículas 
2-NT 2-nitrotolune / 2-nitrotolueno 
3-NT 3-nitrotolune / 3-nitrotolueno 
N&N  Nanoscience and nanotechnology / nanociencia y 
nanotecnología 
p-CQDs Passivated-carbon (quantum) dots / puntos cuánticos de 
carbono pasivados 
PEG Polyethyleneglycol / polietilenglicol 
PL Photoluminescence / fotoluminescencia 
PMA dodecyl-grafted-poly(isobutylene-alt-maleic-anhydride) / 
dodecil injertado-poli-(anhídrido isobutileno-alt-maleico) 
PVP Polyvinilpirrolidona / polivinilpirrolidona 
QDs Quantum dots / puntos cuánticos 
QY Quantum yield / rendimiento cuántico 
r-CQDs Raw-carbon (quantum) dots / puntos cuánticos de carbono 
sin modificar 
RSD Relative standar deviation / desviación estándar relativa 
SD Standar deviation / desviación estándar 
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SDS Sodium dodecyl sulphate / dodecil sulfato sódico 
SEM Scanning electron microscopy / microscopía electrónica de 
barrido 
SERS Surface-enhanced raman spectroscopy / espectroscopía 
raman de superficie mejorada 
SPE Solid phase extraction / extracción en fase sólida 
SPR Surface plasmon resonance / plasmón de resonancia 
superficial 
SQDs Semiconductor quantum dots / puntos cuánticos 
semiconductores 
SRM Soil reference material / suelo de material de referencia 
SWCNTs Single-walled carbon nanotubes / nanotubos de carbono de 
pared simple 
t-CQDs Thiol-carbon (quantum) dots / puntos cuánticos de carbono 
con grupos tiol 
TEA  Triethylamine / trietilamina 
TEM Transmission electron microscopy / microscopía de 
transmisión electrónica 
THF Tetrahydrofun / tetrahidrofurano 
TL Threshold limit / umbral límite 
TLC Thin layer chromatography / cromatografía de capa fina 
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TNT 2,4,6-trinitrotoluene / 2,4,6-trinitrotolueno 
UV Ultraviolet / ultravioleta 
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a incorporación de la Nanociencia y Nanotecnología a la 
Química Analítica ha permitido el desarrollo y la mejora 
de sistemas y técnicas de determinación, separación y 
caracterización de analitos a concentraciones cada vez más bajas. La 
demanda para la mejora de estas técnicas ha sido cada vez mayor al igual 
que la necesidad de nuevos métodos para la determinación de analitos en 
el medio ambiente y en productos de consumo.  
A lo largo de estos últimos años se han producido numerosos 
avances en el desarrollo de sensores basados en nanopartículas 
fluorescentes. En este sentido, los puntos cuánticos semiconductores (ej.: 
seleniuro de cadmio) han sido una de las nanopartículas más utilizadas 
hasta que empezó a preocupar su posible toxicidad. Desde entonces la 
sustitución de estas nanopartículas por otras menos tóxicas ha sido un 
reto permanente. Diversas alternativas fueron propuestas pero una de las 
más significativas fue el desarrollo y empleo de nanopartículas 
fluorescentes basadas en carbono. Dentro de este grupo, aparecieron en 
2004 los puntos (cuánticos) de carbono caracterizados por presentar 
excelentes propiedades tales como alta fluorescencia, alta solubilidad en 
agua, biocompatibilidad y una baja toxicidad. 
En la presente Tesis Doctoral el objetivo principal ha sido la 
elaboración de nuevas vías sintéticas y de análisis de los puntos 
(cuánticos) de carbono, así como el posterior desarrollo de nuevas 
metodologías analíticas para la determinación de analitos diana en 
distintas matrices. Dicho objetivo general se concreta en los siguientes 
objetivos específicos: 
L 
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- Contribuir a la clarificación y consistencia de las 
denominaciones y siglas de los puntos cuánticos 
fluorescentes, abarcando tanto a los metálicos como a los 
no metálicos. La literatura al respecto es confusa y 
contradictoria.  
- Desarrollo de nuevos procesos de síntesis para la 
obtención de sensores analíticos fluorescentes empleando 
diferentes metodologías de síntesis (de bottom-up y de 
top-down) y de pasivación que conllevarán a una 
activación de la fluorescencia. 
- Nuevas estrategias de funcionalización de los puntos 
(cuánticos) de carbono incorporando diferentes grupos 
funcionales y macromoléculas a la superficie de las 
mismas para conferirles reactividad química específica 
hacia ciertos analitos. 
- Estudio sistemático de las propiedades de los puntos 
(cuánticos) de carbono preparados mediante técnicas 
microscópicas y espectroscópicas. Las estrategias de 
análisis de dichas nanopartículas han permitido establecer 
una nueva clasificación coherente a las propiedades de 
cada uno de los tipos de nanopuntos fluorescentes 
existentes. 
- Desarrollo de nuevas estrategias para la formación de 
hidrogeles empleando puntos (cuánticos) de carbono.  
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- Mejora de los procesos (bio)químicos de medida basados 
en sensores fluorescentes empleando los puntos 
(cuánticos) de carbono como herramienta analítica. Las 
metodologías analíticas desarrolladas aprovechan las 
propiedades físico-químicas de dichos puntos de carbono 
para la determinación de moléculas orgánicas e iones en 
diferentes medios: disolventes orgánicos y disoluciones 
acuosas.  
- Por último, cabe destacar el empleo de puntos 
(cuánticos) de carbono como herramienta analítica para la 
determinación de nanopartículas metálicas y de carbono. 
Dicha estrategia se encuadra dentro de la “Tercera Vía de 
la Nanociencia y Nanotecnología Analíticas”, acuñada por 
nuestro grupo de trabajo en la que la nanomateria se utiliza 
simultáneamente como herramienta analítica así como 
objeto de estudio en un mismo proceso analítico. 
  
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
24 
 
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
25 
he incorporation of Nanoscience and Nanotechnology in 
the Analytical Chemistry allows the development and 
improvement of the analytical systems and techniques 
for the determination, separation and characterization of analytes at low 
concentrations. The demand for the improvement of these techniques is 
increasing as well as the need of new methods for the determination of 
analytes in the environment and consumer products. 
In recent years, numerous advances have been produced in the 
development of fluorescent sensors based on the employment of 
fluorescent nanoparticles. In this regard, semiconductor quantum dots 
(for example CdSe SQDs) have been one of the most used nanoparticles 
until the new findings about their toxicity. The substitution of such PL 
NPs for other less toxic has been a constant challenge. Several 
alternatives were proposed but one of the most significant was the 
development and use of carbon-based fluorescent nanoparticles. They 
were discovered in 2004 and were typified by their excellent optical 
properties such as high fluorescence, but also for their high water 
solubility, biocompatibility and low toxicity. 
The main aim of this Doctoral Thesis is the development of new 
synthetic routes and the analysis of carbon (quantum) dots, as well as the 
further development of new analytical methodologies for the 
determination of target analytes in various matrices. This general 
objective is based on the following specific objectives: 
- To contribute to the clarification and consistency of the 
different names and acronyms of fluorescent nanodots, 
T 
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covering both metallic and non-metallic nanodots. The 
literature is confusing and contradictory. 
- Development of new synthetic routes for the production 
of fluorescent sensors using different analytical 
methodologies of synthesis (bottom-up and top-down) and 
passivation that will lead to an activation of fluorescence. 
- New functionalization strategies of carbon (quantum) 
dots by incorporating different functional groups and 
macromolecules onto their surface to confer specific 
chemical reactivity towards certain analytes. 
- Systematic study of the properties of the as-prepared 
carbon (quantum) dots by microscopic and spectroscopic 
techniques. The strategies of analysis of these 
nanoparticles allow to be established a new coherent 
classification of the properties of each type of fluorescent 
nanodots. 
- Development of new strategies for the formation of 
hydrogels using carbon (quantum) dots. 
- Improvement of the (bio)chemical processes based on 
fluorescent sensors using the carbon (quantum) dots as 
analytical tool. The developed analytical methodologies 
have exploited the excellent physicochemical properties of 
these carbon-based nanodots for the determination of 
organic molecules and ions in different medias: organic 
solvents and aqueous solutions.  
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- Finally, it is worthy to mention the important 
contribution of the carbon (quantum) dots as analytical 
tool for the determination of metal and carbonaceous 
nanoparticles. This strategy is known as the "Third Way of 
Analytical Nanoscience and Nanotechnology", coined by 
our research group in which nanomaterials are used 
simultaneously as an analytical tool and the object of 
study in the same analytical process. 
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BLOQUE I 
 
INTRODUCCIÓN 
INTRODUCTION  
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ased on the great impact and major benefits that 
Nanotechnology has produced in our society in recent 
years and their potential of solving practical problems 
the present Doctoral Thesis is focused on the development of new 
analytical methods using fluorescent nanomaterials, in particular 
spherical carbon nanodots. For that purpose, the synthesis and 
characterization of different types of carbon-based fluorescent nanodots 
for the further analytical evaluation of their sensing capabilities were 
performed. Before going deeper into these objectives an introductory 
block discussing the usefulness of our methodology is presented.   
Thus, in first place, a brief introduction of the “Analytical 
Nanoscience and Nanotechnology” (AN&N) defining the main concept 
and objectives as well as classifying the types of nanoparticles (metallic 
and carbonaceous) and their promising properties is summarized.  
In the second chapter fluorescent nanodots of different nature and 
shapes are discussed. In this part, we also intend to give a general vision 
to the readers about the incongruence of the broad variety of 
nomenclatures used in literature for each type of nanoparticles and the 
need of consistency. 
In third place, a chapter dedicated to a brief revision of the use of 
fluorescent carbon dots as analytical tools or as the analyte is of great 
relevance in the AN&N. 
Finally, the experimental tools involved during the progress of the 
present Doctoral Thesis are also addressed.  
 
B 
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I.1. Nanociencia y Nanotecnología 
Analíticas 
 
I.1. Analytical Nanoscience and 
Nanotechnology  
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This section, describes in general terms What the Nanotechnology 
is, which two synthetic methodologies are as well as the different 
classifications appeared in the last decades. Lastly, the different types of 
nanoparticles (metallic and carbonaceous) emphasizing their common 
properties are commented as well. 
 
I.1.1. CONTEXTUALIZATION OF NANOSCIENCE AND 
NANOTECHNOLOGY 
Nanoscience and Nanotechnology (N&N) have revolutionized the 
scientific world in the last decades based on the recently ability (or 
knowledge) to prepare, measure and manipulate organized matter at the 
nanoscale level (which encompasses a range from 1 to 100 nm). 
Although Nanotechnology is in its infancy, the amazing properties and 
potential applications of the nanomatter have created great expectations 
leading many researchers and the public authorities to get on this train. 
There are various distinctive definitions of such Science and Engineering 
at the nanoscale but it is crucial to realize that the term Nanotechnology 
cannot be considered separately from Nanoscience; more attention is 
given to their practical activities but importantly Nanotechnology covers 
the emerging applications coming from Nanoscience.  
As a way of example, Nanoscience can be defined as “an 
emerging area of the science that studies and develops the materials in 
the nanoscale” whereas Nanotechnology “is the technology of materials 
and structures both in the nanometric level with a great variety of 
applications thanks to the nanosize and the exceptional properties of the 
nanomatter”. The term “nanoparticles” (NPs) have been defined for 
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several authors but the most appropriate is the IUPAC definition which 
considered the NPs as “particles of any shape with dimensions in the 
range of 1·10
−9
 and 1·10
−7
 m”. These NPs can be found naturally in the 
environment or be synthesized by human through two methodologies, 
bottom-up and top-down (Figure I.1). The bottom-up methodology is 
based on the formation of complex nanostructures from molecules or 
atoms to reach the nanomatter size whereas in the top-down methodology 
the synthesis is performed from bigger particles or even other 
nanomaterials as precursors usually involving physical methods. 
 
Figure I.1. Synthetic methodologies of nanomaterials 
 
Taking into account these definitions, we can consider N&N as a 
multidisciplinary field which converges with other many areas and 
technologies including (nano)medicine, (nano)electronics, (nano)devices 
and (nano)technological instrumentation. For instance, the nexus between 
N&N and Analytical Chemistry is the consideration of the nanomatter as 
tools or the object of study (the analyte) in an analytical process to get a 
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
37 
step further in innovation, simplification and improvement of the 
analyses. 
Many classifications related to the exploitation of Analytical 
Nanoscience and Nanotechnology (AN&N) can be found in literature [1] 
based on several criteria, some of them are going to be commented in this 
thesis. The first one attends to the size of the material involved in the 
analysis, being macro, micro or nano; thus the use of NPs confers a 
nanotechnological character to the analytical process. Another criterion is 
the consideration of nanomaterials as the analyte, that is, the 
determination of NPs in consumer products and environmental systems. 
Furthermore, a very common classification is based on the exploitation of 
the unique properties of NPs, the nanosize and the combination of both, 
which entails the definition of three main groups (Figure I.2): 
1. Nanometric analytical systems which are related to the 
nanosize of the analytical devices. They can be considered 
as the current trend towards miniaturization and many of 
them are based on nanometric volume. 
2. Nanotechnological analytical systems which exploit the 
exceptional physicochemical properties of NPs. The 
nanotechnology is involved in micro or macro analytical 
systems.  
3. Analytical nanosystems which are a combination of both 
nanotechnological and nanometric analytical systems and 
involve the exploitation of the NP properties and the 
nanosize.   
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
38 
 
Figure I.2. The three facets in the Analytical Nanoscience and Nanotechnology. 
(1=nanometric analytical systems; 2= nanotechnological analytical systems; 3= 
analytical nanosystems). 
 
Furthermore, AN&N can bring into focus three different facets 
according to the role played by the nanoparticles in the analytical 
process. In the first one, NPs can be considered as tools in the analytical 
process with the aim to improve the analytical properties or develop new 
methods to determine target analytes and even to solve new analytical 
problems. This is the most exploited facet. Also, NPs can be the target of 
the analyses; in this case, the analytical instrumentation is able to achieve 
the identification of the NP nature, their characterization (in terms of 
size, shell and shape) and quantification in real samples. In this direction,  
a third facet can integrate both concepts into one, that is, the nanomatter 
can be exploited as analytical nanotool to target other NPs (as analyte) of 
the same or different nature; this recent trending topic, known as the 
“Third Way of AN&N”, has been introduced by Prof. Miguel Valcárcel 
and Dra. Angela López-Lorente [2]. Figure I.3 shows the three facets of 
the AN&N by illustrating the different roles of the nanomatter in an 
analytical process, as the tool or/and the analyte. 
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Figure I.3. The three facets in the AN&N context based on the role played by the 
nanoparticles in the analytical process 
 
Due to the diversity of possibilities and applications of the N&N, 
it is of great interest to provide a brief overview related to its more 
relevant uses and main potential impacts on environment and human 
health.  Firstly, it is noted that the modern nanotechnology is increasing 
by leaps and bounds, which has led to researches be involved in the 
fabrication of new nanomaterials and in a number of investigations.  
Nowadays, the amount of money expected to stand by the 
nanotechnology through the incorporation of NPs in nano-enabled 
products is between 1 to 2.5 trillions of € [3]. Some of the potential 
applications of nanotechnology are related to textile, biomedicine, 
cosmetics, food/agriculture, industrial or electronics using nanomaterials, 
nano-intermediates or even nano-enabled products to transform many 
activities. Some examples [3-5] of its potential are the following: 
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o Agriculture/agrifood: pathogen detection, improvement of 
food quality or smart food packaging to prolong their 
durability. 
o Biomedicine: in the design of new therapeutics procedures 
or dental implants. 
o Electronics: to obtain more efficient nanometric transistors 
o Cosmetics: to improve properties or develop new 
products. 
o Textiles: antibacterial clothes. 
o Industrial: solar energy, automovil or security industry. 
The largest investments in Nanotechnology are in the United 
States, Europe, Japan or China, and due to the increase demand of 
nanomaterials and the lack of knowledge of their future drawbacks a 
regulatory issue may appear. Importantly, can the high 
nanotechnological revolution of industry generate some negative effects 
in society? 
The answer is yes. The emerging nanotechnology can engender 
pollution of ecosystems and causes human disorders. Thus, there is a 
urgent need to establish common standards of the different NP types, 
effective measurement techniques and methods and the risk assessment 
and management of consumer products containing NPs.  
So, as part of this thesis work, we will focus on the development 
of new analytical tools based on carbon-based dots to determine some of 
the potential hazardous NPs (metallic and carbonaceous nanoparticles) 
from many of the consumer products and environment where they are 
foreseen in near future. 
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I.1.2. TYPES OF NANOPARTICLES 
NPs can be classified following four criteria (Figure I.4): origin, 
homogeneity, nature and dimensionality [1]. The first criteria divides the 
NPs based on their natural (biogenic, atmospheric, geogenic or 
pyrogenic) or anthropogenic (incidental and engineering) origins. The 
second criterion refers to the homogeneity in terms of chemical 
composition and dimensionality, divided in homogeneous and 
heterogeneous. A third classification attends to their organic, inorganic or 
hybrid nature. According to the inorganic nature, plasmonic (gold and 
silver NPs), magnetic NPs (Fe3O4 NPs), semiconductor NPs (ZnS, SeS) 
and metal oxides (TiO2, ZnO) can be distinguished. In the case of organic 
NPs, dendrimers, latex NPs, micelles, liposomes and carbon 
nanomaterials amongst others can be found. In this Doctoral Thesis, 
emphasis is placed on plasmonic and carbonaceous NPs because of their 
implication as the analyte and as the nanotool. 
 
Figure I.4. Classifications of nanoparticles according to their origin, homogeneity, 
nature and dimensionality. 
 
The last classification is the most popular and takes into account 
the dimensionality which is double classified depending on the 
dimensions (below and above 100 nm).  
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
42 
In 2004 The Royal Society of Chemistry and the Royal Academy 
of Engineering established four types of nanostructures with dimensions 
below 100 nm [6]:  
o Nanoscale in 0 dimension (nanostructure material) 
o Nanoscale in one dimension (nanometric surfaces) 
o Nanoscale in two dimensions (carbon nanotubes) 
o Nanoscale in three dimensions (fullerene) 
However, other authors classified the nanostructures based on the 
dimensions above 100 nm [7]: 
o 0D Zero dimension (carbon dots) 
o 1D One dimension (nanowires) 
o 2D Two dimension (coatings) 
o 3D Three dimension (nanoporous material) 
Both classifications are complementary and are closely related to 
each other, although we could find disagreements for a specific NP type 
sharing different dimensionalities assigned by both classifications. In this 
Doctoral Thesis, the classification of dimensions above 100 nm is 
considered.   
 
I.1.2.1 Carbon nanoparticles 
Carbon exhibits a variety of valence topology determined by its 
sp, sp
2
 and sp
3 
hybridizations, leading to a wide variety of nanocarbon 
forms in terms of appearance and properties.  
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Carbon NPs can be defined based on different criteria being some 
of the most used listed bellow [8]: 
o Dimensionality of the structures: 0D, 1D, 2D and 3D 
o Shapes and spatial configurations of the structural units of 
carbon 
o Size scale 
o Spatial configuration of the pentagonal and hexagonal 
rings 
o Nature of the carbon bonds  
A variety of carbon nanostructures with fascinating shapes and 
properties are known, such as nanodiamonds, fullerene, nano-onions, 
carbon nanotubes, nanohorns, nanocones, graphene and fluorescent dots 
(carbon dots and graphene quantum dots). All these nanomaterials were 
recently discovered in the last decades (Figure I.5) and their synthetic 
routes and properties were improved in the last years. All those 
fascinating nanostructures exhibit excellent unique properties, being the 
most relevant NP in the analytical field the following ones: 
o Nanodiamonds (infinite nanostructure in all three 
directions composed by carbon atoms in sp
3
 hybridation) 
as sorbents materials. 
o Fullerene (0-dimensional nanostructure in a soccer-ball-
shaped of carbon atoms in sp
2 
hybridation forming 
hexagons and pentagons) as sorbents materials. 
o Carbon nanotubes (1-dimensional sheets rolled into 
cylindrical tubes of carbon atoms in sp
2 
hybridation 
forming mainly hexagons) as sorbents materials. 
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o Graphene (2-dimensional single-atom-thick lattice of sp2-
bonded carbon atoms forming hexagons) as sorbents 
materials. 
o Fluorescent nanodots (0 and 2-dimensional nanodots 
consisted of carbon atoms in sp
2
, sp
3 
or a mixed of both
 
carbon hybridations leading to graphene quantum dots 
(GQDs) and carbon dots (CDs)) as sensing probes. 
 
Figure I.5.  Structures of the different carbon NPs in chronological order of  discovery. 
 
One common property for most carbon nanomaterials (apart from 
carbon based nanodots) is their low water-solubility which makes 
difficult their handling and processing. Generally, in these cases they 
come in bundles or aggregates in aqueous media which makes them more 
toxic, and sonication with surfactants, surface modification, or even their 
re-dispersion in ionic liquids improve considerably their stabilization as 
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individual entities. On the contrary, most carbon-based fluorescent 
nanodots are totally water-soluble and biocompatible owing to the high 
number of polar groups at their surface (0D spherical nanodots) or edges 
(2D graphene quantum dots) when they exhibit a hydrophilic character. 
In this regard, some of the water-insoluble carbon NPs were considered 
as target the analyte whereas the Carbon Dots (CDs) where used as 
analytical nanotools for their determination.  For this reason, a more deep 
description of their properties, uses and applications are shown bellow.   
Carbon nanotubes (CNTs) can be mainly classified into three 
different types depending on the number of layers, being multi-walled 
(MWCNTs) [9], double-walled or single-walled carbon nanotubes 
(SWCNTs) [10]. The synthesis is carried out by laser ablation [11], arc 
discharge [12] or chemical vapor deposition [13]. CNT main 
characteristics are high conductivity, flexibility or thermal stability, and 
they are applied as chemical sensors, sorbent materials, catalysis 
supports, composite materials, hydrogen storage, coating materials, solar 
cells, microelectronics, textile, anode for lithium ion batteries, radar 
absorption, supercapacitors, electric circuits or even water treatment 
agents [14-15].  
Fullerenes which have a complexity spherical shape, were 
discovered in 1985 [16] as the third allotrope of carbon, after graphite 
and diamond. Several types of fullerenes had been identified so far: C20, 
C26, C60, C70, C76, C84 or even up to 100 carbon atoms, but the most stable 
is C60, also known as “Bucky balls” or “Buckminsterfullerene”. Their 
synthesis is carried out by different techniques such as arc vaporization 
of graphite, laser ablation, hydrocarbon combustion, low pressure helium 
sputtering, electron beam evaporation and inductively coupled 
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radiofrequency evaporation of graphite [17]. The most important 
characteristics are their small diameter (being 0.7 nm for C60), 
superconductivity, low aromaticity, efficient singlet oxygen sensitizer 
and low solubility. Thanks to their excellent properties, several 
applications have been developed, for example as X-Ray imaging 
contrast agents, photosensitizers, in drug and gen delivery or 
photodynamic therapy, and moreover solar cells, hydrogen gas storage, 
as precursor of diamond, strengthening/hardening of metals or even for 
batteries [18-20].  
CDs which are NPs containing carbon atoms with a mixture of sp
2
 
and sp
3
 hybridizations were discovered in 2004 [21] during the 
purification of CNTs. These nanomaterials can be synthesized using the 
two methodologies: top-down and bottom-up [22-26]. In some cases, the 
obtained CDs need additional steps such as passivation to increase their 
photoluminescence [27] and/or functionalization to give them 
specifically chemical reactivity [20,25,28]. These nanomaterials are 
characterized by their photoluminescent (PL) features, water-solubility, 
photobleanching, chemical inertness, biocompatibility, non-toxicity, easy 
synthesis and tuneable surface functionalities. Based on that, several 
applications have been reported using these fluorescent nanodots as 
analytical nanosensor, being most of applications in sensing of metal ions 
[29-30], catalysis [31] or bioimaging [32-33]. 
 We have designed CDs as the base skeleton of this Doctoral 
Thesis, so we have synthesized, passivated and functionalized them to be 
used as tools of several target analytes including metal ions, organic 
pollutants and hazardous NPs amongst others. 
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Furthermore, CNTs (MWCNTs and SWCNTs) and fullerene 
(C60) were used as the carbonaceous precursors of CDs using the top-
down methodology (see figure I.1). In addition, the similarity of CNTs to 
asbestos [34-35] makes them to be considered as the target analyte. In 
this direction, some of the chemically modified (covalently or non-
covalently) fullerenes can be highly toxic whereas pristine derivatives are 
non toxic only under dark conditions; however, when they are under UV-
visible irradiation in presence of oxygen, fullerene solutions became 
highly toxic though singlet- O2 formation. Based on these drawbacks, 
CDs were used as analytical tools (Section IV.2.), being an excellent 
example of the “Third Way of AN&N”. 
 
I.1.2.2 Metallic nanoparticles 
 Metallic NPs have been around since ancient times for different 
purposes. Gold nanoparticles (AuNPs) were found in elder pottery and 
glass thanks to their pretty colors characteristic of their plasmon 
absorption whereas silver nanoparticles (AgNPs) were allocated in 
medicine for its antibacterial properties. Apart from such fascinating 
properties, metal NPs such as gold, silver and copper are renowned by 
their electronic properties, catalytic activity, large surface-to-volume 
ratio, easy surface functionalization and high adsorption capacity that 
make them promising tools in (bio)nanotechnology with controllable 
solvent-solubility, being mainly dedicated to biomedicine, analysis and 
food safety. That is, they were used as multifunctional carriers of 
therapeutic agents (drugs, antibodies, targeting agents), in photothermal 
therapy and imaging [36], for detection and diagnostics, but also they 
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were exploited in electronic devices, electrochemical sensing and sensor 
fabrication amongst others.  
Many methodologies for preparing metallic NPs have been 
described so far, in which different core size, morphologies and coatings 
are controlled by varying the type of precursors and their proportions, 
reaction conditions and so on. The most common method for AuNPs is 
described by Turkevich et al. [37] and later refined by Frens [38]. The 
synthesis consists in the chemical reduction of hydrogen 
tetrachloroaurate(III) using citrate ions. In the case of AgNPs two main 
methodologies are commonly used, divided in the physical approach by 
evaporation-condensation or laser ablation and in the chemical approach 
which produces stable colloidal dispersions through the reduction of 
silver ions, inside microemulsion or even with green chemistry [39]. The 
chemical approach is the most frequently used for AgNP synthesis. 
Interestingly, because of their fascinating properties and easy 
preparation, those NPs have been extensively used in a variety of 
consumer products. As the manufacturing and uses of such NPs are 
progressively rising, there is a great concern regarding their impact on 
the environment and living organisms. To gain more insight into the 
distribution and hazards of metallic NPs, it is needed to monitor their 
occurrence in waste disposal sites, surface waters and even living 
organisms as well as in direct consumer products. Thus, CDs have been 
used as analytical nanotools to determine AuNPs (Section IV.3.1.) in 
waters and mussels. In addition, the anti-bactericidal property of AgNPs 
gave rise to a possible direct hazard to consumers if they are present in 
cosmetics [40-41]; thus CDs were used in this Thesis to determine 
AgNPs (Section IV.3.2.) in creams. Importantly, the determination of 
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metallic NPs with CDs results in an excellent approach of the Third Way 
of AN&N. 
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I.2. Nanopuntos fluorescentes 
semiconductores y con base de 
carbono: La necesidad de 
consitencia 
 
I.2. Semiconductor and carbon-
based fluorescent nanodots: The 
need for consistency 
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This section tries to clarify the controversy that existed around the 
fluorescent nanodots and the inappropriate used of abbreviations. That is 
the case of the acronym “”QDs” meaning “quantum dots” which is 
commonly refereed to the specific convencional semiconductor 
fluorescent nanodots. Based on these facts to avoid the confusion in 
designating them by an appropriate term and abbreviation, this section is 
dedicated to propose the adequate terms and to clarify their distinctions.  
In general terms, two main groups are established (semiconductor 
and carbon-based nanodots) dividing into subcategories the last group. 
Clear descriptions of their common and different characteristics as well 
as the origins of their photoluminescent are presented.   
Finally, an overview of their analytical and biomedical 
applications are included trying to establish the research gaps of each 
type of nanodots in a particular research field.  
 
Graphical Abstract Chemical Communications 52 (2016) 1311-1326.  
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Abstract 
 Fluorescent nanodots have become increasingly prevalent in a 
wide variety of applications with special interest in analytical and 
biomedical fields. The present overview focuses on three main aspects: i) 
A systematic description and reasonable classification of the most 
relevant types of fluorescent nanodots according to their nature, quantum 
confinement and crystalline structure is provided, starting with a clear 
distinction between semiconductor and carbon-based dots (graphene 
quantum dots, carbon quantum dots and carbon nanodots). A new set of 
abbreviations and definitions for them to avoid contradictions found in 
literature is also proposed; ii) A rational classification allows to establish 
clear-cut differences and similarities among them. From a basic point of 
Chemical 
Communications 
56 (2016) 1311-1326 
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view, the origins of the photoluminescence of the different nanodots are 
also established, which is a relevant contribution of this overview. 
Additionally, the most outstanding similarities and differences in a great 
variety of criteria (i.e. year of discovery, synthesis, the physico-chemical  
characteristics like structure, nature, shape, size, quantum confinement, 
toxicity and solubility, the optical characteristics including the quantum 
yield and lifetime, limitations, applications as well as the evolution of 
publications) are thoroughly outlined; and iii) Finally, the promising 
future of the fluorescent nanodots in both analytical and biomedical 
fields is discussed using selected examples of relevant applications. 
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1. INTRODUCTION 
The exponential growing of the scientific literature in the XXI 
century and its easy accessibility though the scientific databases is a great 
and positive change for the scientists working in a general or specific 
topic, which can be perfectly monitored day by day. This favorable 
situation can facilitate the identification of inconsistencies and 
discrepancies in definitions, nomenclature and abbreviations that can 
originate misunderstandings among research groups. Time by time, a 
specific research topic needs to clarify its state-of-the-art by proposing a 
new framework with the aim of coordinating all the efforts in that 
context. 
Such is the case of nanosized optical systems involving 
fluorescent nanodots that has drawn much attention in the last years. In 
particular, some functionalized systems with tunable photoluminescence 
(PL) and specific binding capabilities towards specific analytes are 
considered as versatile nanotools for a wide range of applications 
including (bio)chemical sensing, drug delivery, bioimaging and 
photodynamic therapy but also in catalyses. Despite the extensive uses of 
the so-named Semiconductor Quantum Dots (till now abbreviated as 
QDs), Carbon Dots (CDs or CQDs) and Graphene Quantum Dots 
(referred to as GDs or GQDs), many articles show controversy at the 
moment of using such abbreviations but also identifying  properly the 
type of NPs we are working with. 
In that context, a lack of clarity, either in the concepts “dots” and 
“quantum” that are involving those NPs or in the nomenclature for each 
type of nanodot, has been detected; therefore, it is of great importance to 
instill a clear and a proper terminology to avoid general terms such as 
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“Quantum dots”, coined to the well-known first discovered 
semiconductor quantum dots [1] which it is not appropriate. The presence 
of crystalline or amorphous structures in the carbon-based dots should be 
defined, although most of authors only distinguished them from their 
spherical or planar shape. In addition, the same nanostructure can be 
easily defined indistinctly with two or even three different 
nomenclatures, as discussed in section 2 (i.e. carbon dots, carbon 
nanodots and carbon quantum dots). 
With this aim, this overview proposes a new and well-founded 
framework to help scientists and readers of the scientific papers to have 
the same vocabulary and acronyms to rationally describe the variety of 
fluorescent nanodots and in this way avoiding misunderstandings. 
Finally, the state-of-the-art of such fluorescent nanodots in analytical and 
biomedical nanotechnology is discussed. It has not only the pretension of 
presenting a survey of the state-of-the-art, but it pleads also the case of a 
consensual clarification of the concepts/terminology in order to improve 
mutual understanding into their photophysical origins and properties; 
thus, a comparison between their particular uses, pointing out the 
similarities and differences amongst them are crucial to be able to open 
new avenues for researchers to those gaps left in some of the multitude 
exciting areas ranging from analytical detection to medical diagnostics 
and therapeutics. 
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2. TYPES OF FLUORESCENT NANODOTS 
In the last years several types of fluorescent nanodots have 
received a great interest. Thus, there is an urgent need to propose a 
general nomenclature to distinguish and identify unequivocally the 
different existing types; here concentrating on the cases of semiconductor 
and carbon-based fluorescent dots. A few attempts have arisen in the last 
years [2-4], but no enough clarification has been achieved so far. Even if 
some of these nanodots present common optical characteristics, the 
mechanism of their emission seems to be rather different. As discussed in 
section 3, the photoluminiscence (PL) origin and mechanisms have to be 
put in primary position for instilling a proper concept for the terminology 
proposed. 
In the first publications dealing with carbon-based fluorescent 
nanodots, the term “carbon quantum dots” was assigned to all the 
emerging types of carbon fluorescent nanodots without providing a 
sufficiently detailed assessment of the requirements to be named 
“quantum dots”. The term "quantum dot" (QD), first coined by Mark 
Reed [5], was originally referred to semiconductor nanoparticles of sizes 
in the quantum-confined regimen (i.e.less than the Bohr exciton radius 
typically in a few nanometers), which means that the excitons in these 
particles is confined in the spatial dimensions with quantized energy 
states. 
In an attempt of clarification, we are going to define some of 
these important terms, in order to extend this nomenclature to other novel 
particles in an appropriate manner. On one hand, in nanoscience the term 
“dot” is generally referred to nanometer-sized objects or particles, 
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although it can also be found as “nanodot”. The main interest of these 
nanodots lies in their functional and structural properties that are not 
available from either discrete molecules or bulk materials. On the other 
hand, “quantum” alludes to the presence of carrier confinement by the 
reduced dimensions. Therefore, this manuscript reserves the use of the 
term “quantum dots” to the whole types of nanodots with quantum 
confinement, which includes semiconductor quantum dots but also 
carbogenic quantum dots. It would be quite satisfactory to establish the 
abbreviation SQDs to the term “Semiconductor Quantum Dot” to make a 
distinction from other types of quantum dots.  
For the dubbed “carbon quantum dots” or “carbon dots”, aspects 
such as the arrangement of carbon atoms, crystalline structure, the 
dimensionality and so on should be considered to establish a coherent 
classification. Here we begin with a classification of the wide group of 
carbon-based fluorescent nanodots into three main categories, as depicted 
in Fig. 1. Amorphous quasi-spherical nanodots which lacks in quantum 
confinement, are refereed in other papers as carbon nanocluster, polymer 
dots or even carbon dots or C-dots; thus, “Carbon NanoDots” (CNDs) is 
a more suitable name proposed here as therein stated on this overview. 
When the nanodots present quantum confinement and crystalline 
structure, we can distinguish between the spherical quantum dots 
refereed as “Carbon Quantum Dots” (CQDs) and the π-conjugated single 
sheet referred as “Graphene Quantum Dots” (GQDs). Interestingly, 
evidence to distinguish both lies in the precursors used for the synthesis. 
In case of GQDs (i.e. a disk of graphene in the size range of 2- 20 nm), 
the precursors are graphene-based materials mainly, whereas CQDs can 
be prepared from other carbon nanomaterials with crystalline structure 
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such as carbon nanotubes or by pyrolysis of organic molecules subjected 
to high temperatures.  
 
Figure 1. Classification of fluorescent nanodots: SQDs (Semiconductor Quantum Dots), 
GQDs (Graphene Quantum Dots), CQDs (Carbon Quantum Dots) and CNDs (Carbon 
NanoDots). 
 
Next sections will follow with a detailed examination on their 
phenomenological and/or mechanistic photoluminescence properties and 
establishing the key requirements to be classified in one or another 
group.  
From now on, we can settle down a correct abbreviations and 
nomenclature for such nanodots to avoid the assignment of general terms 
or abbreviations to a specific case, such carbon quantum dots with 
abbreviations of CDs [6], quantum dots to semiconductor nanocrystals, 
and so on. 
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3. DIFFERENT ORIGINS OF PHOTOLUMINESCENCE 
Insight into the PL origins of the diverse nanomaterials is one of 
the important matters of current debates although most of authors do not 
get deep into the mechanism which is a handicap. Several mechanisms 
have been so far proposed from the mentioned fluorescent nanodots 
[2,4,7-8]. We summarize here the three main possible PL origins 
bringing out their particular features, as depicted in Fig. 2.  
 
Figure 2.Scheme of the different photoluminescence mechanisms and their particular 
features. 
 
I) The PL in “pure” quantum dots arises from the radiative band-
edge recombination (i.e. electron–hole pair recombination). Upon 
absorption of a photon (with energy superior to the bandgap energy Eg), 
an electron from the valence band is promoted to the conduction band 
leaving a hole behind, and the following recombination results in the 
emission of a photon of light, the so-called fluorescence. This type of PL 
is commonly named intrinsic bandgap fluorescence, band-edge electron–
hole recombination, or HOMO-LUMO transition (Fig. 2A). This is the 
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solely mechanism of PL in case of defect-free and impurity-free quantum 
dots, in which no interstates within the bandgap exist. In these cases, the 
PL properties are entirely governed by the quantum confinement effects. 
Since the exciton confinement effects confer size-dependence, spectral 
heterogeneity may appear due to the distribution of particle sizes with 
some influence of variation in composition of surface-modifying groups. 
Therefore, the PL emission band is generally very narrow (FWHM  40 
nm). Another particularity of this PL type is its excitation-independent 
emission, i.e. the PL emission has a maximum at a fixed position 
irrespective of the excitation wavelength used. This is the widely 
accepted PL origin of the SQDs, regardless of their composition and 
synthetic method. 
II) A second type of PL emission occurs when trap states are 
present in the bandgap (due to impurities, surface defects, functional 
groups, adsorbed molecules, etc.). In these cases the photoexcited 
electron and/or hole can be trapped and their following recombination 
leads to a radiative emission of lower energy (higher wavelength). Thus, 
the observed PL response is not a unique mechanism but a combination 
of at least two mechanisms from different sources: (1) the core, with its 
intrinsic quantization effects and (2) the particle surface, the properties of 
which are governed by the surface functional groups and/or surface 
defects (referred to as surface trap states) (Fig. 2B). Most of the reported 
so far CQDs and GQDs present this type of PL response. Both types of 
carbon-based nanodots have the common feature of presenting 
excitation-dependent emission, given a decrease in the emission signal 
which is systematically displaced toward longer wavelengths as λex 
increases [7]. 
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III) The third type of PL results from the superposition of 
responses of assembled individual emitters (e.g. fluorophores molecules 
or emitter functional groups generally located on the nanoparticle 
surface) (Fig. 2C). In these cases, it does not exist quantum confinement 
and neither a collective excitonic eﬀect, and thus the fluorescence 
behavior is more similar to that observed in metal nanoclusters [8]. The 
CNDs, which are generally obtained via bottom-up approaches at low 
temperatures, emit via this mechanism and present a very broad emission 
band as a consequence of the superposition of several emissions (i.e. 
diverse emitter centers). Additionally, this type of PL is completely 
suppressed when the surface emitter groups are quenched, for example 
via heavy atoms. 
It has been very recently reported that only at high temperatures 
(230 °C) a carbogenic core starts forming and the resulting PL is due to 
the presence of both molecular fluorophores and the carbogenic core [7]. 
In these cases, the result of the synthesis will be a mixture of CQDs and 
CNDs.  At higher temperatures (300 and 400 °C, respectively) is possible 
to get mostly or exclusively CQDs [9]. In case of no formation of 
carbogenic core, the observed PL comes merely from surface trap states 
which act as PL emitter centers. Even when they present very strong 
absorbance in the UV range, the absence of comparable level of 
absorbance at the maximum excitation wavelengths together with the 
absence of fluorescence emission excited at the maximum of the UV 
excitation band support the idea that these fluorescent species consist of 
diverse individual emitters without a collective effect. Due to the absence 
of collective effects in emission in CNDs, there is no a strong correlation 
between the position of spectral bands and particle size. The spectral 
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differences are then connected to different composition of the particle 
surfaces.  
Moreover, in contrast to SQD in which the PL origin is always 
from intrinsic HOMO-LUMO transition, in the case of carbon-based 
nanodots the PL behavior strongly depends on the synthetic methods, 
conditions used for their synthesis, and subsequent passivation or 
functionalization strategies which intend to modify their surface 
chemistry. Depending on these factors, the competition between both the 
trap state emission and intrinsic state emission will change, and therefore 
the PL origin will be the second or third type (according to the previous 
classification). 
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4. SIMILARITIES AND DIFFERENCES AMONG TYPES 
The discovery of such fluorescent nanodots started by the well-
known SQDs in 1981 and much later in 2004 the appearance of carbon 
dots (CQDs and CNDs) followed very closely by graphene quantum dots 
(GQDs) in 2006. Whilst the SQDs and GQDs possess well-defined 
structures (perfect spherical nanocrystals of metallic atoms and 
nanosheets of sp
2
 carbons, respectively), the other types of carbon-based 
dots exhibit a confusing carbogenic structure as core, being in some cases 
a mixture of crystalline structures resembling graphene nanolayers 
combined with amorphous carbon. Thus, we can distinguish two types of 
carbogenic spherical structures, one being a crystalline core based on a 
mixture of sp
2
 and sp
3
 carbons (renamed as CQDs) and the other a 
mixture of mainly sp
3
 carbons in a disordered structural core (named 
CNDs). Based on the different structural cores, those nanoparticles 
exhibit different properties but also have in common many others as 
described in Table 1.  Such similarities and differences will be not only 
the hint to distinguish between one and another type but also the reason 
for searching the ideal type of nanodots according to the requirements of 
the desired application as will be discussed in Section 5. 
As common properties, all carbon nanoparticles exhibit a 
percentage of oxygen atoms at their surface that makes them water-
soluble and is closely related to their high biocompatibility and low 
toxicity; this oxygen content is much significant in the case of spherical 
carbon nanodots. In contrast, SQDs are generally obtained as 
hydrophobic nanostructures and their high toxicity have been attributed 
to the release of heavy metal ions of the core to the external media. 
However, nowadays not only new synthetic methods to obtain directly 
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water-soluble SQDs [10] but also different strategies of surface 
modification of the hydrophobic nanoparticles to make them water-
soluble and more biocompatible [11] are described; for example by 
means of an amphiphilic polymer coating where the hydrophobic side-
chains of the polymer intercalate with the hydrophobic surfactant 
molecules present on the nanoparticle surface [12]. The latter strategy has 
the advantage that it does not depend on the inorganic core material (and 
possibly not even on the exact type of organic molecules) since the 
coating is predominantly based on hydrophobic interaction of 
hydrocarbon chains and van der Waals forces between the molecules. 
Additionally, high dense polymer shells around the SQD cores allow 
very stable and safe SQDs thanks to the important reduction of metal 
ions released from their cores.  
Although in most of cases, the synthetic routes for SQDs give rise 
to typically NP size up to 6 nm, in case of spherical carbon dots (CQDs 
and CNDs) and laminar dots (GQDs) most of the reported methods lead 
to larger particles, with diameters of 10 and 20 nm, respectively [9,13]. 
Anyway, this parameter depends strongly on the synthetic 
approaches and the precursors used as it has been discussed in most of 
reviews but here we will just list the most relevant characteristics 
highlighting similarities and differences over each type.  
In fact, although SQDs are generally obtained using the bottom-
up approaches, for all carbogenic dots top-down and bottom-up 
methodologies have been explored and a large diversity of 
functionalization steps have been carried out either being in one-step 
reaction (during the preparation of the nanodots by bottom-up) or as an 
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additional step (through covalently and non-covalently interactions with 
the superficial groups by both methodologies) [9,14]. Particularly, 
spherical carbon-based nanodots obtained from the top-down 
methodology require an intermediate step, called passivation, to boost 
their PL [15-16] whereas the bottom-up synthetic routes give rise to 
brightly dots owing to the presence of active-emitter superficial groups 
[17]. Furthermore, carbon-based nanodots can be produced at relatively 
low cost on a large scale following a variety of approaches.  
Notably, carbon-based dots show spectrally broad PL emission 
with strong λexc dependency and broad absorption bands; in case of 
graphitic nanodots, the bandgap transitions arise from conjugated π-
domains, which resemble large aromatic systems with extended π-
conjugation of specific electronic energy bandgap for PL emissions. Such 
electronic transitions display a strong absorption band in the ultraviolet 
region due to the light absorption by a large amount of high density π-
electrons in the sp
2
 hybridized islands. In contrast, SQDs, with their 
excellent performance and predictable size-dependant fluorescence color 
variations combined with long PL lifetimes and high quantum yield, are 
excellent candidates for sensing and biomedical applications (see Table 
2), although the use of heavy metals in the high-performance SQDs is its 
major limitation. The others are also well used in analytical and 
biomedical applications, but to a much lesser extent (as will be discussed 
in section 5) since they exhibit lower quantum yields, poor size-
homogeneity and generally short PL lifetime and emission wavelength 
but also due to their later discovery. 
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  SQDs GQDs CQDs CNDs 
 Discovery (year) 1981 2006 2004 
P
H
Y
SI
C
O
-C
H
EM
IC
A
L 
P
R
O
P
ER
TI
ES
 
Nature inorganic elements carbon material carbon material / oxygen (5-50 %) 
Structure crystalline structure 
small fragments of a single 
atomic layer of graphite 
crystalline structure, 
predominantly graphitic 
sp2 C 
Amorphous 
C core 
Shape spherical 
discs of atom-thick  
graphene oxide 
quasi-spherical 
Size typically < 6 nm typically <20 nm typically < 10 nm 
Quantum confinement YES NO 
Solubility Hydrophobic or hydrophilic Hydrophilic 
Toxicity Heavy metal-QDs: HIGH 
Non-Heavy metal-QDs: LOW 
LOW 
O
P
T
IC
A
L 
P
R
O
P
ER
TI
ES
 
Light Absorption 
In the UV or Visible region 
Broad absorption band 
Prominent peak at ~230 nm 
(π→π*) 
Shoulder at ~300 nm  
 (σ →π*) 
Very broad absorption band 
In the UV-region (260-350 nm) 
Shift upon passivation (350-550 nm) 
Very broad absorption band 
Light Emission 
Types 
Down-conversion  PL 
Phosphorescence 
Down-conversion PL 
Up-conversion PL 
Phosphorescence 
Down-conversion PL 
Up-conversion PL 
P
R
EP
A
R
A
TI
O
N
 
Synthesis Bottom-up approach Top-down & Bottom-up approaches 
Functionalization 
Covalent interactions 
(amide, ester, thioether 
linkage…) 
Non-covalent interactions 
(π-stacking interactions, 
hydrogen bonding…) 
Covalent interactions (amide, ester, thioether 
linkage…) 
Non-covalent interactions (π-stacking interactions, 
hydrogen bonding…) 
Passivation for activate the PL active sites of CQDs 
prepared from top-down (oxidation, doping, polymeric 
capping…) 
During the 
synthesis. No 
need any further 
steps. 
C
H
A
R
A
C
T
ER
IS
T
IC
S 
Common Properties Opto-electronic properties, large surface area, resistance to photobleaching and good photostability 
Differential 
Properties 
Colloidal character 
Semiconductor character 
Composition-dependent 
PL 
Excitation-independent PL 
Long PL lifetimes (up to 
ms) 
Multiexponential PL 
decays 
 
More “molecule-like” 
character 
Excitation-dependent PL 
(intensity/wavelength) 
Functionalization-
dependent PL 
Non-photoblinking 
Superior chemical inertness 
Superior mechanical 
flexibility 
Good electron mobility 
Very high thermal 
conductivity 
Excitation-dependent PL 
(intensity/wavelength) 
Functionalization-dependent PL 
Non-photoblinking 
Superior chemical inertness 
Good electron mobility 
Table 1.Properties and characteristics of different types of fluorescent nanodots. 
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Table 2. Number of papers, applications and bottlenecks for the fluorescent nanodots. 
  SQDs GQDs CQDs and CNDs 
 Nº of publications ≥ 15.000 ≥ 338 ≥ 677 
A
P
P
LI
C
A
TI
O
N
S*
 
Analytical    
sensing +++ +++ ++ 
Catalysis +++ + + 
Biomedical    
imaging +++ +++ ++ 
Drug delivery ++ + + 
Therapy ++ +  
Bottle-necks for 
their use in 
practice 
- Use of heavy metal, toxicity → 
already solved using different QD 
compositions without heavy metals 
-Weak luminescence directly from 
synthesis→ need surface 
passivation for improving QY 
- Poor homogeneity of size, 
geometry, composition and 
structure. 
- Not well-defined compositionally 
and structurally. 
- Lack of methods for the large-
scale synthesis. 
- Luminescence mechanisms and 
electronic properties are not fully 
understood. 
- Very short PL lifetimes 
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5. PRACTICAL IMPACT OF NANODOTS 
It is certain that all these fluorescent nanodots have provoked a 
great impact on our society since their discovery. Owing to that, 
thousands of papers have appeared reporting about their main 
characteristics and uses. Fig. 3A shows the number of published papers 
from 2004 to 2014 for SQDs, CQDs and GQDs. As can be observed, the 
number of papers for SQDs is higher than for carbon-based nanodots, 
which is due to its earlier discovery; however, an exponential increase in 
the number of publications of carbon-based nanodots in the last years is 
observed. Furthermore, it can be noted that the rate of exponential 
increase publications on SQDs did not only grind to a halt but even slow 
down, probably as a result of the toxicity concerns associated to their 
common composition (i.e. based on heavy metals) which lead to stop 
their applications involving biological systems. This drawback was 
shortly after overcome with the development of synthetic strategies of 
non-heavy metals-based SQDs (i.e. ZnS, ZnSe, ZnO). At that moment, 
the carbon based dots purchase more relevance [18]. 
Taking into account the two most relevant fields of application –
biomedicine and analytics- the percentage of reports in both fields for 
each nanodots is in concordance as depicted in Fig. 3B, and supports the 
highest impact of SQDs versus the other carbon-based dots, CQDs and 
GQDs.  
Note that many of the publications involved both fields for the 
implication of detection of chemical and biological agents in biological 
systems. As sensors comprises two functional components, a recognition 
element for specific binding towards the target analyte and secondly a 
transducer for signaling the interaction, this family of fluorescent 
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nanodots is considered as sensor in most of reports and offers a great 
utility for improving the signal-to-noise ratio by miniaturization of the 
sensor elements. Additionally, the use of such nanodots for effective 
detection of biomarkers are of great interest [19]. 
 
Figure 3. Evolution of published papers for semiconductor and carbon based 
nanodots(A) and comparison of published papers for each fluorescent nanodots in the 
analytical and biomedical context (B)as a result of the SciFinder database search. 
 
Now, we will highlight the most relevant strategies in the 
analytical and biomedical context by means of selected examples to 
discuss the potential of each type of nanodots and also to show to the 
reader the wide range of application scenarios.  
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Note that in this section the nomenclatures from each publication 
remain the same as the author used, although it would be grateful to 
highlight the urgent need to recognize and rationally identify the type of 
nanodots we are working with from now on. 
 
5.1. Analytical methodologies 
Excellent reviews related to the different sensing methodologies 
[13,20-28] are widely described but not many comparison between 
nanodots types are done. From a critical point of view, in this section we 
will distinguish between (bio)chemical sensing, photocatalysis, 
electrochemiluminescence and photoelectrochemical sensing (Fig. 4), 
addressing the pros and cons of the different fluorescent nanodot types. 
 
Figure 4. Scheme of the analytical methodologies addressed for semiconductor and 
carbon-based fluorescent nanodots. 
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5.1.1 (Bio)chemical sensing 
Fluorescent nanoparticles have been extensively applied as ion-
selective chemosensors by varying the shell functionalities. Since the 
first report of SQDs as selective ion detection in 2002 [29], which 
explored the capability of Zn
2+
 and Cu
2+
 detection by using different 
ligands (L-cysteine and thioglycerol), many examples of selectively 
recognition metals based on PL response have been published. For the 
utmost importance of heavy metal detection different synthetic strategies 
[30] have been investigated involving the functionalization of SQDs with 
a wide diversity of molecules such as chelating ligands, macromolecules, 
metal ion-selective metalloprotein and even specific oligonucleotides for 
metal ion or metal-mediated DNA bindings.  
Other interesting strategies used for the selective detection of ions 
were based on the formation of HgS or HgTe onto the SQD surface, 
leading to the passivation of the SQDs [31,32] or the metallophilic 
bonding of d
10
 configuration of metals such Hg
2+ 
ions [33]. 
As happens with SQDs, most of papers published for carbon-
based nanodots until now are related to the metal ion sensing although 
strategies with no so sophisticated shell-ligands have been developed so 
far. For instance, Gongalves et al. [34] prepared and functionalized 
CQDs with polyethylene-glycol (PEG) and N-acetyl-L-cysteine for the 
direct detection of Hg
2+
. Latest, others found another strategy based on 
reversible CQD chemosensor with lower limit of detection towards Hg
2+ 
and thus applied in cells [35]. However, by using GQDs the limit of 
detection was not clearly improved [36]. 
Furthermore, some authors developed double sensing systems 
based on unmodified CQDs as fluorescent probes towards Hg
2+
 and 
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biothiols simultaneously [37]; in this case, the fluorescence of the CQDs 
was quenched by the Hg
2+
 whereas the biothiols were able to restore the 
CQDs fluorescence. Other examples of double sensing used unmodified 
CQDs is the determination of Au
3+
 and glutathione [38] whereas Cayuela 
et al. [15] proposed a method for detection of two different pollutants 
(2,4-dinitrophenol and 2-amino-3,4,8-trimethyl-3H-imidazo[4,5-
f]quinoxaline) based on the quenching response at different pH with 
passivated CQDs.  
The possibility of preparing SQDs with size-controlled 
luminescence leads the multiplexed detection of different target analytes. 
Most of authors have focused in the detection of different metal ions with 
SQDs. Freeman et al. [39] proposed the development of multiplexed 
analytical assays based on two different sized-SQDs for the detection of 
Hg
2+
 and Ag
+
 through an energy transfer whereas Wu et al. [40] reported 
the multiplexed detection of other metal ions but in this case the 
photoluminescence of SQDs is previously quenched with DNA-enzymes 
and restored in presence of Pb
2+
 and Cu
2+
; thus, DNA-enzymes act as 
heavy metal sensor that relies on a fluorescence resonance energy 
transfer (FRET). Another application in this field lies on the use of SQDs 
in digital color imaging [41]. The PL changes are detected as variations 
in color intensities in the digital image. But the multiplexed sensing of 
SQDs has also been reported through other mechanisms, as for instance, 
the uses of SQDs for fluorescence polarization immunoassay [42] or for 
microbeads systems [43] to detect different tumor biomarkers in serum. 
In addition, Zhang et al. [44] proposed the multiplexing four-color SQDs 
to detect four different genes in formalin-fixed and paraffin-embedded 
prostate tissues. 
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Few papers are found in the case of multiplexing with carbon-
based nanodots. Jiang et al. [45] have reported recently the use of three 
different CQDs with red, green and blue luminescence. In fact, the use of 
these CQDs with multiplexing characteristics was proposed in two-
photon bioimaging for deep tissue but no multiplexed applications were 
developed so far. 
Most recently, the formation of hydrogels using CQDs is an 
interesting alternative for heavy metal ion detection. It was proven that 
CQDs incorporated in a low molecular weight hydrogel improves the 
gelation process, boosts the native fluorescent of the nanodots but also 
enhances the sensing response towards Pb
2+
 ions [46]. Other authors 
prepared a hydrogel film based on CQDs and agarose for colorimetric 
detection of five heavy metal ions attributed to the formation of colored 
chitosan-metal chelates [47]. 
Based on a similar principle, CQDs loaded alginate gel was used 
to recognize Cu
2+
 ions by fluorescence quenching responses [48]. 
Whereas no publications about GQDs-based gels in sensing are found, 
different-core SQDs have been immobilized in an inorganic sol-gel 
matrix for analytical control of acetone traces in contaminated 
atmospheres and waters owing to the quenching of their fluorescence 
[49] or phosphorescence emission [50]. Furthermore, fluorescence 
quenching of CdS SQDs immobilized in boronic acid-based microgels 
were also used for the optical detection of glucose [51]. 
As for cations, anionic ions like PO4
2-
, CN
-
, F
-
, ClO
-
 and I
-
 were 
also determined using SQDs and carbon-based nanodots as fluorescent 
sensors.  
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In case of macromolecules, Zhang et al. proposed a DNA-
functionalized SQDs nanosensor based on a FRET to detect DNA targets 
(Fig. 5A) [52], whereas different mechanisms were established with 
carbon-based nanodots. A way of example is the use of CQDs obtained 
from citric acid and passivated with PEG8000 to detect double-strand 
DNA (dsDNA) through a PL enhancement due to the formation of 
hydrogen bonds between the nanosensor and dsDNA (Fig. 5B); 
interestingly, single-strand DNA (ssDNA) did not interfered [53]. 
However, GQDs were used to detect ssDNA owing to π-π stacking 
interactions (Fig. 5C). In fact, GQDs enable the stabilization of the i-
motif DNA structure in acidic conditions and promote its formation 
under alkaline or physiological conditions, being a promising 
nanomaterial for gene regulation and for anti-cancer treatments [54]. 
 
Figure 5. Representative examples of DNA detection using fluorescent nanodots. A) 
Formation of the nanosensor using SQDs, B) synthesis of CQDs from citric acid and its 
interaction with ssDNA and dsDNA, and C) stabilization and formation of the i-motif 
structure using GQDs. (Adapted with permission from ref. 52-54. ) 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
82 
Other important target for medical purposes is glucose which has 
been one of the most investigated target analyte using fluorescent 
nanodots. For instance, a SQDs-bienzyme hybrid system (Fig. 6A) [55] 
and boronic acid modified-CQDs (Fig. 6B) [56] were designed for 
enzymatic and non-enzymatic glucose detection, respectively, via both 
fluorescence quenching, whereas boron-doped GQDs allowed also the 
detection of glucose via PL enhancement (Fig. 6C) [57]. All the proposed 
methods were selective to glucose, but a lower detection limit (0.1 
µmol·L-
1
) was obtained for SQDs [55].  
 
Figure 6. Representative examples of glucose detection using fluorescent nanodots: A) 
thioglycollic acid-capped SQDs, B) boronic acid-modified CQDs and C) boron-doped 
GQDs. (Adapted with permission from ref. 55-57.) 
 
Furthermore, fluorescent nanodots have also been used in 
molecularly imprinted polymers (MIPs). Until now, SQDs were 
exploited in this field [58] in applications related to proteins, pesticides 
or explosive detection. However, fewer applications have been reported 
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with carbon-based nanodots, finding in literature only the detection of 
dopamine [59-60] and p-nitrophenol [61]. 
Recently, the extensive application of engineering nanoparticles 
(ENPs) in consumer products and their unforeseen hazards and unknown 
distribution and accumulation in the environment and living organisms 
have drawn much attention. Thus, the scientific community clearly calls 
for implementable and cost-efficient methods to monitor them. With this 
aim few methods and projects were created, in particular, our research 
group which is focused on the use of nanotools based on fluorescent 
nanodots to determine nano-objects. This new trending topic in 
Analytical Nanoscience and Nanotechnology (AN&N) known as the 
“Third way of AN&N” [62], is considered as a new facet of solving 
potential analytical problems such the detection of ENPs. For instance, 
fullerene C60 in river samples was determined using two types of 
fluorescent nanodots (SQDs and CQDs) as sensing probes (Fig. 7). 
Carrillo-Carrión et al. [63] proposed a methodology in which organic-
soluble SQDs were able to extract and detect C60 in the same organic 
solvent of the extraction obtaining very low detection limit and good 
recoveries. Recently, Cayuela et al. [64] proposed a method for C60 
determination using water-soluble CQDs without the need of liquid-
liquid extraction to avoid the use of organic solvents, being a more green 
analytical process but sacrificing the sensitivity of the method.  
Other ENPs like carboxylated-multiwall carbon nanotubes [17] 
and graphene oxide (GO) [65] were also determined from carbon-based 
nanodots as analytical nanotools in river samples.  
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
84 
 
Figure 7. Examples of Third Way of the Analytical Nanoscience and Nanotechnology in 
the detection of C60 fullerene using A) calix[8]arene coated SQDs and B) β-cyclodextrin 
functionalized CQDs. (Adapted with permission from ref. 63.) 
 
In the same context, CQDs were also applied for the direct 
determination of metallic NPs, i.e. AgNPs [66] and AuNPs [67-68]. For 
AgNPs, an apparent PL quenching via inner filter effect (IFE) was 
established as a result of the destabilization of AgNPs which shifted 
absorption was overlapping the emission spectral of the CQDs. However, 
for AuNP determination a static mechanism was established as the most 
dominant as a result of the high affinity of sulfur atoms onto CQD 
surface to the gold atoms of AuNPs. In this case, the reduction on the PL 
response was linear and ascribed to the hybrid formation [68]. On the 
contrary, Zong et al. [67] observed a PL enhancement of 
polyamidoamine dendrimers (PAMAM) capped CNDs in presence of 
AuNPs as a result of the formation of AuNP-CNDs hybrids. Using GQDs 
Liu et al. [69] detected AuNPs via PL quenching attributed to both static 
and dynamic quenching. Note that for all carbon-based nanodots used for 
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the direct determination of AuNPs, only evaluation of the lifetime was 
performed in the case of AuNP-CQDs in which no NP aggregation was 
observed [68]. 
5.1.2 Photocatalysis 
Most of applications described in the last decade for SQDs 
exploiting their photocatalytic activity have been related to solar cells, 
which convert the sunlight into electricity. The generation of 
photovoltaic systems based on SQDs makes them unique owing to their 
size-tunable band gaps and the multiple exciton generation [70]. Based 
on that, carbon-based dots with quantum confinement (CQDs and GQDs) 
can be used for such purpose but so far very few applications have been 
published for photocatalysis, however their up-conversion property is 
growing attention in this field. Fernando et al. [71] reviewed recently the 
applications of CQDs in photocatalytic energy conversion in which 
characteristics like efficient charge separation upon photoexcitation and 
electron/hole formation were highlighted for their suitability in chemical 
reactions. Whereas CQDs were reported as ideal materials for 
photocatalysis [20] thanks to their enhancement effect in the 
photocatalytic activity, GQDs possess rather limited photovoltaic 
applications. Some authors improved the efficiency of photovoltaics via 
surface functionalization, whereas Hamilton et al. [72] orientated 
differently GQDs on polar surfaces and Pan et al. [73] proposed the use 
of GQDs as photoanode in composite materials for electrodes to increase 
the efficiency of the dye-sensitized solar cells. 
Interestingly, composites with photocatalytic activity have been 
also investigated [20]. As example, the photocatalytic activity of 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
86 
Fe2O3/CQDs for the degradation of toxic gases such benzene and 
methanol was higher compared with the ineffectively of Fe2O3 alone. 
5.1.3 Electrochemiluminescence 
The electrochemiluminescence (ECL), consisting on the emission 
of light as a result of electron-transfer reactions from excited states, 
combines the advantages of optical and electrochemical properties of 
fluorescent nanodots. It was applied for the analysis of proteins, DNA 
and organic pollutants generating various excellent performances. It was 
applied for the analysis of proteins, DNA and organic pollutants 
generating various excellent performances.  
In one hand, Zhou el al. [22] reviewed ECL sensing approaches 
using SQDs which were based on two mechanisms, annihilation and 
coreactant. Only three different SQDs (CdS, CdSe and CdTe SQDs) can 
produce ECL in a binary-component SQDs. Some alternatives to obtain 
SQDs with better ECL are the doping of SQDs with manganese ions 
(Mn-doped ZnS SQDs), the formation of a core-shell structure 
(CdSe/CdS and CdSe/ZnS core-shell SQDs) or the modification of 
functional materials which act as modified substrates. The ECL 
determination of nitrite using SQDs has been proposed [74] owing to the 
greatly ECL emission enhancement with sulfite and the gradually 
quenching with nitrite. More recently SQDs combined with CNTs and 
ionic liquid [75] resulted in an enhancement of the ECL response towards 
alpha-fetoprotein (AFP) (Fig. 8A).  
On the other hand, Xu et al. [26] reviewed the carbon-based 
nanodot applications in ECL, divided into CNDs and GQDs. In these 
cases, the ECL emission using K2S2O8 as coreactant was ensued from the 
formation of the corresponding nanodot-excited state (CNDs* or 
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GQDs*) which were originated from the interaction of the nanodots 
radicals with the produced SO4
- 
radicals via electron-transfer 
annihilation, as depicted in Fig. 9.  
 
Figure 8. Illustrative ECL examples using fluorescent nanodots. A) Detection of  AFP 
using a sensing platform based on SQDs, carbon nanotubes and ionic liquid. B) 
Functionalized-CNDs onto graphene electrodes for cancer cell detection. (Adapted with 
permission from ref. 75 and 76.) 
 
 
Figure 9. Illustrative ECL emission of GQDs. Oxidation of GQDs in S2O8
2-
 solution 
resulting in an enhancement of the ECL emission. (Reproduced with permission from 
ref. 79). 
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For example, functionalized-CQDs as ECL probes and graphene 
as signal amplification agent were proposed for cancer cell detection [76] 
(Fig. 8B). Furthermore, other authors immobilized CNDs onto graphene 
finding an ECL amplification effect thanks to the high number of excited 
states resulting in a supersensitive detection platform of chlorinated 
phenols [77]. Other interesting example entails the preparation of 
CQDs/Au nanocrystal composites using PAMAM-CQDs to create an 
inmunosensor with excellent conductivity, stability and biocompatibility 
[78]; this system was able to selectively determine AFP with a much 
lower detection limit (0.025 pg·mL
−1
) than those of SQDs.  
The first case of ECL in GQDs was reported by Li et al. [79]. It 
was found that the oxygen-containing moieties of green-GQDs allowed 
the complexation of Cd
2+
 ions inducing their aggregation. Therefore, 
such aggregation produces a significant reduction of the ECL signal, 
which was restored in presence of strong metal ion chelators such as 
ethylenediaminetetraacetic acid.    
The good results found for the ECL active carbon-based dots 
open new routes for future researches. 
5.1.4 Photoelectrochemical sensing 
Semiconductor-based nanodots have been extensively used in 
photoelectrochemistry (PEC). Yue et al [27] reviewed in 2013 the recent 
developments in fabrication methods and sensing concepts about the 
direct and indirect interactions of SQDs modified electrodes. One of the 
described method consisted of an electrode in which the SQDs were 
immobilized acting as an intermediary between the conductive electrode 
and the analyte, and that sensor was successfully used for the detection of 
organic and inorganic molecules. However, in the case of direct 
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measurements two alternatives are possible; the immobilization of the 
SQDs onto the electrode and its posterior modification or the influence of 
the analyte in the binding properties of the layer of the electrode 
containing SQDs. Five different mechanisms in PEC approaches using 
SQDs have been described [22]: biorecognition events, catalytic activity 
of enzymes, energy transfer assays, the use of SQDs as labels, and 
biosensing without external irradiation. PEC applications have evolved in 
recent years and giving rise to a great range of possibilities to study. For 
instance, future applications could be focused towards in vivo sensing 
instead of in vitro studies [28]. 
So far, the use of carbon-based nanodots in PEC is very rare. 
Recently, Nan et al [80] have reported the use of CQDs coated BiVO4 
inverse opal (io-BiVO4) structure to improve the photoconversion 
efficiency, obtaining an enhancement in the electrochemical hydrogen 
generation. Also, the fabrication of nanocomposites with GQDs and TiO2 
[81] has demonstrated to enhance the PEC signal under visible-light 
irradiation. In that case, the current was sensitized to dopamine, so it is a 
new alternative to determine dopamine through an enhancement in the 
current with increasing concentrations. The few publications about 
carbon-based nanodots in PEC sensing should open a field of study. 
 
5.2. Biomedical applications 
Biomedical optical imaging techniques and therapy are 
widely recognized as powerful tools for a huge variety of biological and 
biomedical applications. In this context, fluorescent nanodots are in 
continuous research to meet the increasing requirements for their use in 
biomedicine. Among the variety of fluorescent nanodots, the 
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semiconductor and carbon-based nanodots have been the most studied so 
far for biomaging and drug delivery applications and were reviewed 
elsewhere [14,17,21,23,82-94]. Thus, we will focus our attention on 
representative recent achievements, emphasizing the pros and cons of the 
different fluorescent nanodots types. 
5.2.1. Bioimaging 
SQDs were the first used in this field [95,96], and furthermore 
this type of fluorescent nanodots has been the most studied so far for 
bioimaging applications [2,9,12-14,16]. Over the past years they have 
shown high promise for widespread cellular imaging applications. While 
heavy-metal-containing II-IV or IV-VI SQDs can be used for in vitro or 
ex vivo applications, their toxicity remains a major concern for in vivo 
imaging. To overcome this limitation a wide variety of non-toxic SQDs 
has been developed in the last years [97]. The first successful 
demonstration of non-toxic III-V SQDs as fluorescent probes for 
bioimaging was achieved by Bharali et al. [98], working with folate-
capped InP/ZnS SQDs and using two-photon excitation for deep tissue 
imaging. Even more interesting are the ZnO SQDs owing to its low 
toxicity, low cost, and biocompatibility, which has allowed remarkable 
achievements for in vivo bioimaging, gene/drug delivery and cancer 
detection [99]. As recent example, silica-coated ZnO SQDs 
functionalized with biotin were successfully used to label nerve cells and 
actin filaments [100]. However, the synthesis of fluorescent ZnO SQDs 
with stable performance in vivo is a challenge to researchers. 
In contrast with the typical heavy metal-containing SQDs, carbon-
based fluorescent nanodots (i.e. CQDs, GQDs and CNDs) have a 
promising future for applications in vivo as they fulfill the two critical 
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criteria for clinical use [4]: they can be excreted from the body, and 
exhibit low or no cytotoxicity at the concentration level needed for 
fluorescent cell imaging. GQDs were the first carbon-based nanodots 
which were able to label the cell nucleus. In this study, the incubation of 
human breast cancer MCF-7 cells with GQDs allowed the simultaneous 
labeling of the cell membrane, the cytoplasm, and the nucleus [101]. 
Other important achievement of GQD has been the labeling of different 
kinds of stem cells, which posed a considerable challenge as currently no 
technique was available for labeling stem cells directly and efficiently 
because of the particularity of stem cells [102]. It was found that GQDs 
easily penetrated into the stem cells but did not enter the nuclei, 
suggesting that genetic disruptions of the living stem cells by the GQDs 
did not happen. 
Although there are numerous examples of the use of carbon-based 
nanodots for in vitro and in vivo bioimaging, they have yet not achieved 
the potential of SQD in highly interesting specific areas such as dynamic 
imaging at the single-molecule level and multiplexed biomedical 
diagnostics at ultrahigh sensitivity [24]. SQD-based single-cell analysis 
allows analyzing single rare cells, such as circulating tumor cells or 
isolated malignant cells, within the complex microenvironments of 
heterogeneous tumor tissue or in biological fluids. For example, the 
diagnosis of Hodgkin's lymphoma has been possible thanks to the 
identification of low-abundance cancer cells using multiplexed SQDs 
probes [103]. The malignant Hodgkin‟s and Reed-Sternberg (HRS) cells 
comprises only about 1 % of the heterogeneous infiltrating cells in lymph 
node tissues. However, the use of multicolor SQD-antibody conjugates 
for the simultaneously detection of four protein biomarkers (CD15, 
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CD30, CD45, and Pax5) on human tissue biopsies allowed the detection 
and differentiation of rare HRS cells (Fig. 10). 
 
Figure 10. Multiplexing SQDs-based system for the diagnosis of Hodgkin's lymphoma. 
(a) Scheme of multiplexed SQD tissue staining in which primary antibodies are used to 
recognize tissue antigens, and later secondary antibody-SQD conjugates are applied to 
stain the primary antibodies. (b) Malignant HRS cells (red membrane, blue nuclear, 
and read/whitish Golgi) are identified by a unique multiplexed staining pattern of CD30 
positive (membrane staining), CD15 positive (Golgi staining), Pax5 positive (nuclear 
staining), and CD45 negative. They are differentiated from infiltrating B cells (blue 
nuclear staining) and T cells (green membrane staining). A few prominent HRS cells 
are indicated with arrows. Scale bar: 100 μm. (Adapted with permission from ref. 103.) 
 
Another recent example of multiplexing SQDs-based system was 
developed for examining molecular targets (Ki-67, HSP90, Lamin A, 
Cox-4 and β-tubulin) in single cells [104]. By detecting the staining 
intensity of multicolor SQD-antibody probes, the expression level and 
intracellular distribution of five subcellular molecular targets were 
analyzed simultaneously with each staining cycle. 
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In other direction, the possibility of using up-conversion PL with 
some types of carbon-based nanodots has to be taken into account. 
Instead of using down-conversion PL induced by one-photon UV or blue 
excitations which are harmful to living cells or biosystems, the up-
conversion PL property of these nanoparticles allows near-IR light 
harvesting using multi-photon excitation. Zhu et al. [105] have observed 
bright green or blue areas inside the GQDs-stained MC3T3 cells under 
near-IR excitation (808 nm), indicating successful translocation of GQDs 
through cell membrane. Importantly, a high photostability of GQDs was 
observed under continuous excitation over 20 min. However, the up-
conversion techniques also have a potential problem if the fluorescence 
emits in the visible region after absorbing the energy in NIR regions. The 
fluorescence in the visible region can also undergo tissue-penetration 
issues. Therefore, the ideal situation would be working with up-
converting NPs that emit near-IR by using excitation of > 900 nm in 
order to minimize the absorption problems. As an alternative to up-
conversion PL, the use of NIR-emitting SQDs has showed several 
advantages such as improvements of imaging resolution and sensitivity. 
Zhong et al. [106] developed NIR-emitting water-dispersed SQDs as NIR 
probes for spectrally and spatially-resolved bioimaging applications. 
After intravenously injection into tumor-bearing mice, the monitoring of 
time-lapse in vivo images showed that the tumor tissue was sensitively 
labeled. The same group further modified the NIR-emitting SQDs with 
arginine-glycine-aspartic acid (RGD)-containing peptides for specific 
tumor targeting [107].   
Regardless of the used fluorescent nanodots type, the 
development of bioimaging evolves together with the achievements in 
selective functionalization strategies to get active targeting [108]. In this 
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context, a particularly active research field is the search of effective 
methods to label selectively cancer cells. SQDs and CNDs are usually 
functionalized with an amino acid (lysine or glutaric acid), folic acid, 
antimesothelin or transferrin to be selectively taken up by cancer cells 
[109]. Compared with passive tumor targeting, active tumor targeting is 
more efficient and durable and could offer higher imaging contrast [110]. 
Moreover, the active tumor targeting is necessary when discrimination of 
specific tumor types is required. The extensive research of active 
targeting has even reached the identification of peptide ligands for 
targeting to the blood-brain barrier, which is an important step for 
treating neurodegenerative diseases. In a recent example, SQDs 
functionalized with a specific receptor-mediated transport vector allowed 
to deliver a cell-penetrating lipopeptide (i.e. chemical cargo) to all parts 
of a developing chick embryonic brain [111]. 
Although the initial developments of fluorescent nanodots were 
based on optical bioimaging, it is important to point out that the current 
trends are moving towards the integration of multimodal imaging 
technologies in order to compensate for the weaknesses from a single 
imaging modality [112]. In this way, a better and comprehensive 
understanding of the state of the illness is possible. The most frequent 
combination is fluorescence and magnetic resonance imaging (MRI), 
owing their high sensitivity and anatomical resolution, respectively. As 
for SQDs [113-114], CQDs have also recently gained increasing 
attention as multimodal imaging nanoprobes [115-117]. Bourlinos et al. 
[115] reported for first time Gd(III)-doped CQDs that combine high 
fluorescence with a strong T1-weighted MRI contrast, demonstrating 
their potential as a dual fluorescent–MRI probe. Even more recently, 
GQDs were also explored for simultaneous optical and MRI bioimaging 
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[118] (Fig. 11). As an alternative of using Gd-complexes as paramagnetic 
molecules Wang et al. doped the shell of SQDs with Mn [119]. These 
particles showed a high QY and high MRI relaxivity values. More 
interesting, approaches using SQDs have demonstrated their potential for 
trimodality imaging since long time ago. In 2005, it was reported for first 
time a trimodal imaging system using CdS:Mn/ZnS-SQDs, which 
presented simultaneously fluorescent, radio-opacity (X-ray contrast), and 
paramagnetic properties, and its in vivo bioimaging capability was 
demonstrated [120]. The bright yellow fluorescence was the result of an 
efficient surface passivation by the epitaxially matched ZnS crystalline 
layer around the CdS:Mn crystalline core. Radio-opacity was due to the 
presence of the electron dense cadmium atoms, which interact with the 
X-ray beam, and the manganese ions were the responsible for the 
magnetic property. In contrast, the development of multimodal imaging 
nanoprobes based on CQDs and CQDs is still in the early stage. 
Therefore, on one hand, there is a huge development space for carbon-
based nanodots for advanced applications such as high-resolution and/or 
high-sensitivity cellular imaging, and single-particle tracking of live cells 
and multiplexing modalities. On the other hand, there are still some 
issues needing to be solved until they reach the superior level of 
development with SQDs. As for instance the stability and high PL 
properties of GQDs versus pH constitute an important limitation (as for 
strong acidic conditions the fluorescence intensity is diminished or even 
nearly completely suppressed). Recently, Yuan et al. [121] developed a 
water-soluble fluorescent probe based on GQDs which presented a very 
good pH response over the whole pH range. The PL response at different 
pH values (from 1 to 14) was attributed to the presence of quinine and 
lactone as PL indicators. Furthermore, such multicolour GQDs were 
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sensitive also to temperature changes being an interesting candidate of 
dual sensing probe bioimaging applications.   
 
Figure 11 Application of paramagnetic graphene quantum dots as a platform for 
simultaneous dual-modality bioimaging and tumor-targeted drug delivery. (a) Structure 
of the paramagnetic folate–GdGQD nanoparticles; (b) T1-weighted and T2-weighted 
MR images of folate–GdGQDs at various Gd concentrations: 0, 0.03, 0.10, 0.15, 0.20, 
0.25, 0.30, and 0.40 mM (from left to right); (c) In vitro imaging of HeLa cells treated 
with folate–GdGQDs for 2 h. (Adapted with permission from ref. 118.) 
 
5.2.2 Therapy 
The exploitation of nanoparticles in medicine has not only 
reached bioimaging for diagnosis but also therapy involving the 
controlled release of therapeutic agents. Due to the small size and large 
surface area-to-volume ratio of nanoparticles, they posses high carrier 
capacity and good stability to bind, absorb and carry small drugs, 
nucleotides (intricate genes as small interfering RNA) and proteins with 
high efficiency, and thereby making them highly attractive platforms in 
many aspects of oncology, cardiovascular diseases and genetic disorders 
[122].  
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Currently, researchers have been focusing on developing effective 
local or targeting drug delivery which fluorescent nanodots can be used 
as mere carrier of drugs but also as therapeutic agent themselves for 
photodynamic, photothermal and gene therapy. Although most of 
investigations have been performed for SQDs, the innate toxicity evolved 
by their core nature has not reduced their expectations but opens new 
approaches for obtaining more secure nanoparticles with minimum 
toxicity owing to their composition [123] and surface coating design 
[97,124]. 
In this section we will briefly address the recent studies related to 
these newer approaches in drug delivery, which can be illustrated in 
categories as shown in Fig. 12. 
 
Figure 12. Classifications of the use of fluorescent nanodots as nanocarrier, as a 
function of the role of nanodots (mere cargo or therapeutic agents), of the type of cargo 
(drugs, gens, others) and of the carrier features (track and delivery of the cargo, 
therapeutic activity, PL in the red region). These classifications are complementary. 
 
Starting with the use of fluorescent nanodots as passive drug/gene 
carriers many examples have been investigated, especially with SQDs 
[92,125-126]. These systems integrate both the optical properties of 
fluorescent nanodots and the therapeutic activity of the drug. Two of the 
main roles behind this strategy are to solve the poor drug solubility, 
bioavailability and toxicity problems of drugs and to open the possibility 
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to modulate the pharmacokinetics and metabolism of the release drugs. 
The last requirement is quite a challenge; Ohta et al. [123] reported on 
the first stimuli-responsive drug carrier based on silicon SQDs. This 
promising strategy consists of the entrapment of doxorubicin during the 
aggregation of amine modified silicon SQDs resulting in 150 nm-
diameter particles by increasing the pH of the media and their controlled 
released under acidic conditions after the aggregates collapse (Fig. 13).  
 
Figure 13. Schematic illustration of drug-loaded aggregates of Si-SQDs and the 
controlled drug release at low pH. (Reproduced with permission from ref. 123.) 
 
Figure 14. Red emissive fluorescent nanodots applied in photothermal (PTT) and 
photodynamic (PDT) therapy. (Reproduced with permission from ref. 135.) 
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Interestingly, spherical carbon-based dots loaded with 
ciprofloxacin [127] showed an excellent antimicrobial activity in bacteria 
attributed to the slow release of the antimicrobial agent at physiological 
pH, whereas loaded with other drugs like oxaliplatin [128] constitutes an 
excellent example for customize the injection time and drug dosage. In 
fact, such nanocarriers are promising multi-drug delivery systems for 
suppressing drug resistance mechanisms in cancer cells.  
Surprisingly, GQDs constitute an interesting platform not only for 
their larger surface area to load molecules [129] but also for their laminar 
structure; such graphene sheets can be selectively multifunctionalized 
from both layer sides and edges as occurred to its parent graphene [130]. 
Thus, many drugs could be placed on both sides and at the edges of the 
layer of graphene through physical or chemical interactions. Although 
GQDs exhibit remarkable advantages in therapy, there is yet a lack of 
work for GQDs as multi-drug delivery system if compared to SQDs. 
Docetaxeland doxorubicin, methotrexate and paclitaxel [131] are some 
examples in which the hydrophobic drugs are attached by 
electrostatically and π-π stacking interactions and further release for 
tumor growth inhibition; indeed, it is of great importance to afford 
sufficient surface modification to design multimodal therapeutic systems 
to fight against multiple drug resistance.  
In contrast to the use of fluorescent nanodots as simply passive 
carriers, they can also provide an active therapeutic function. This is 
meant to highlight the several levels of utility of nanoparticles; thus, the 
decorated fluorescent dots may serve as therapeutic agent and as a central 
nanoscaffold which displays several functions such targeting, sensing 
biomolecules and bioimaging. Concerning the active role of the 
nanoparticle, they can act as photosensitizers to generate heat 
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(photothermal), free radicals and cytotoxic reactive oxygen species 
(photodynamic) [132-136] causing cell death to malignancies, as 
depicted in Fig. 14. Over the past few years, SQDs have been 
investigated as efficient therapeutic agents, in most cases for their free 
radicals and singlet oxygen generation in aqueous solutions; however, 
most of them are far from approval for clinical trials because of their 
toxicity. 
Thus, carbon-based dots are emerging as good photosensitizers 
for photodynamic therapy [133-134] and for photothermal therapy owing 
to their strong optical absorbance in the near-IR region [135]. For 
instance, the photodynamic activity of GQDs against cancer cells has 
been attributed to their excellent singlet oxygen generation capability 
which can be obtained under laser irradiation. Such effect has been 
described to be similar to those commercial photosensitizers like 
pheophorbide-A and other reduced graphene derivatives with high near-
infrared absorbance [135]. 
Because wide applications of the fluorescent nanodots were 
hampered by their insufficient ability to transverse cell membranes, the 
delivery of such nanocarriers has to be improved considerably. Recently, 
attempts to obtain a precise intracellular delivery of cargoes required 
certain peptides which promote lipid membrane-reorganizing processes 
were also investigated. Such is the case of cell-penetrating peptides 
which can be chemical and non-covalent linkage to fluorescent to 
evaluate the cellular uptake by SQDs; for instance a novel peptide 
molecule derived from a viral protein, gH625, was investigated using 
SQDs [137] to exert an action of membrane internalization. In fact, 
authors hypothesized a different mechanism of internalization for gH625-
SQDs in comparison to other peptides like TAT linked to the same 
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SQDs. Similar delivery methods applied to other fluorescent nanodots 
with enhancer of cell penetration may enable the implementation of the 
next generation of delivery systems. In case of spherical CNDs, TAT 
peptide- or folate-functionalization were also investigated giving an 
increase on cell labelling and uptake in the first case whereas a selective 
labelling of cells was obtained for the second CNDs containing folate 
receptors.  
In theranostics, the combination of medical therapy and 
bioimaging diagnostics for optimizing the efficacy of therapeutic regimes 
is increasing considerably for personal medicine. In particular, 
fluorescent nanodots with a few tens of nanometers are preferable for 
imaging of the tumor tissue and to improve accumulation within tumor 
for the posterior drug release. Recently, GQDs without chemical 
modification as therapeutic agent can be used as multimodal probes for 
simultaneously optical imaging and therapy [135]. Most interestingly, 
GQDs can be also used as both tumor-targeted drug delivery when 
modified with folate and doxorubicin [118] with a dual modality of 
bioimaging (simultaneous optical and MRI diagnosis).  
Additionally, nanohybrids or composites containing such 
fluorescent nanodots also constitute an emerging field in nano-
therapeutics and multimodal imaging. For instance, nanosystems based 
on nanodots combined with magnetic iron oxide nanoparticles as contrast 
agents in magnetic resonance imaging and anti-cancer drug as 
doxorubicin [138]. Furthermore combination of the optical properties of 
SQDs with high drug-carrying capability of graphene enables a novel 
bioimaging traceable drug delivery vehicle.  
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Furthermore the therapeutic capability can be enhanced 
considerably by introducing the nanodots in liposome, which allows the 
preservation of the original fluorescent intensity and facilitates cell 
internalization. In this context, hybrid nanocomposites based on spherical 
carbon-based dots and zeolitic imidazole frameworks have been recently 
proposed; this representative hybrid meets the requirements of high 
microporosity of zeolite to increment the drug loading of 5-fluorouacil 
and the fluorescent imaging of carbon-based dot [139]. This effective 
strategy can be applied to other type of metal–organic frameworks 
(MOFs).  
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6. FINAL REMARKS 
An easy-to-understand overview to the newcomers to 
fluorescence in nanoscience and nanotechnology is required, to easily 
distinguish between the subgroups of semiconductor and carbon-based 
dots and for further understanding of their photophysical and chemical 
properties. Thus, we provided a brief description of the current 
understanding of each type of fluorescent nanodot, their main properties 
and uses emphasizing their similarities and differences related with the 
intrinsic PL origins and mechanisms of each fluorescent nanodot. We 
also propose further clarification on abbreviations and concepts to avoid 
the highly variety of acronyms and misunderstandings in scientific 
publications. The new communication framework is aimed to avoid 
misunderstandings among people working or interested in these 
promising NPs. 
Furthermore, the effort to systematically compare these 
fluorescent nanodots as well as an exhaustive revision of the most 
relevant contributions in analytical and biomedical areas (more than 
15000 published papers) has been the platform to support the present 
proposal.   
In this overview the most exciting topics on both analytical and 
biomedical areas are discussed;   In this regard, the new concept known 
as the “Third way of Analytical Nanoscience and Nanotechnology” 
which is nowadays on fashion opens the door to a host of unforeseen 
applications. In regards of the biomedical area, the overview also focuses 
on the high expectations in diagnosis and cancer therapy which are 
calling for the need of new multimodal probes and therapeutic conjugates 
for fighting against drug resistance over the actual chemotherapeutic 
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treatments. Thus, the decorated fluorescent dots can serve as a central 
nanoscaffold which helps to assemble and display one or more functions 
such targeting or sensing biomolecules and bioimaging. The efforts 
should be directed to the design of a multifunctional platform -controlled 
drug release, targeting, monitoring pharmacokinetics and biodistribution- 
within a single unit based on fluorescent nanodots with advanced 
diagnostics and therapy, as it is a trending topic in nanomedicine. 
Although they are considered as promising multi-modal phototherapeutic 
agents for enhanced cancer therapy in future clinical applications, further 
investigations are needed in special for carbon-based dots.  
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In this section we are going to study with more detail the two 
facets (tool and analyte) of the AN&N which take place according to the 
role played by the carbon dots in the analytical process. 
Considering the great controversy that existed in the terminology 
of fluorescent carbon-based nanodots and the wide number of 
abbreviations used by each author we will use the general term carbon 
dots (CDs) to refer all spherical nanodot types along this section. 
 
I.3.1. CARBON DOTS AS ANALYTICAL TOOLS 
Instrumental analytical methods are based on the measurement of 
an analytical property related to the mass or the concentration of the 
species to be analyzed and can be classified according to the form they 
interact with the matter as optical, electroanalytical, separation, thermal 
and kinetic (Figure I.6).  
In this section, we describe in more detail only the instrumental 
methods in which carbon-based nanodots are involved.  
 
Figure I.6. Different types of instrumental analytical methods. 
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I.3.1.1. Carbon Dots as optical sensor 
Optical spectroscopic techniques include those involving the 
interaction of electromagnetic radiation with the matter, distinguishing 
three types where the mater scatters, absorbs or emits electromagnetic 
radiation. In this case, qualitative and quantitative information is 
provided related to the concentration, identity of the molecule and the 
interaction with the environment.  Thus, the excellent properties of CDs 
make them ideal as optical sensors for the detection of several target 
analytes.  
Fluorescent techniques are the most used in this group 
considering CDs as optical sensor owing to their high fluorescence and 
lack of photobleaching features. In fact, most of papers of CDs are 
related to metal ion sensing through the photoluminescent quenching 
process, as for example the detection of metal ions like Hg
2+
, Pb
2+
 or 
Cu
2+
 [1-4] as the most studied. Interestingly, anionic ions like PO4
2-
, CN
-
, 
F
-
 or I
-
 [4-7] were found to restore the photoluminescence of CDs once 
they were quenched with metal ions, being possible the anion 
determination as well.  Furthermore, CDs have also been used as optical 
sensors of organic molecules. In general terms, organic molecules can be 
classified into two main groups, biomolecules including dopamine, 
melamine, glucose, DNA and cysteine, and carcinogenic compounds 
such as pesticides and explosives (glutathione, dimethoate and 
nitrophenols) and those formed in food (heterocyclic aromatic amines) 
[8-18]. 
In addition, they are also used in optical imaging techniques. A 
recent trend has been the combination of fluorescence and magnetic 
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
121 
resonance imaging (MRI) which can provide high-resolution 
macroscopical anatomical information and high-sensitivity microscopical 
optical signal simultaneously. In this regards, gadolinium(III) doped CDs 
have been designed and applied as a potential contrast agent for 
biomedical applications [19-21]. 
Dispersion of the radiation through Raman spectroscopy has also 
been reported for spherical carbon-nanodots. According to our 
knowledge, Surface-Enhanced Raman Spectroscopy (SERS), which is a 
technique that enhances Raman signals, has been applied to CDs 
resulting in higher SERS effect for the CD-AuNP system if compared to 
those only formed by AuNPs. This fact was attributed to the 
improvement capability of the absorption of molecules onto the 
nanoparticle surface [22-23].  
 
I.3.1.2. Carbon Dots in separation techniques 
Separation is an important category of instrumental techniques 
which entails to separate individual compounds of a sample prior to 
measurement. Two general subcategories are chromatographic and non-
chromatographic techniques. Few papers of CDs have been reported until 
now in this field.  
Chromatographic techniques are used with different purposes. For 
example, high performance liquid chromatography coupled with 
fluorescence detection (HPLC-FD) have been used to study the structural 
changes induced by doping with heteroatoms and the PL properties of N-
nitrogen/sulfur doped CDs [24] or even to separate different species of 
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CDs [25-26]. Another application is the use of CDs as sorbent [27] where 
a thin layer chromatography (TLC) plate is modified with CDs to act as 
sorbent for the determination of nicotine in biological samples through 
HPLC. 
Capillary electrophoresis has been used as a non-chromatographic 
technique. This technique is based on the different migration of charged 
species, so capillary zone electrophoresis (CZE) coupled with UV 
absorption and laser-induced fluorescence detection have been used to 
identify the CDs composition [28].  
 
I.3.1.3. Carbon Dots in catalytic reactions  
 Kinetic methods are based on the speed at which the chemical 
reaction takes place. To the best of our knowledge, CDs were reported 
only for catalytic applications. 
Increasing the photocatalytic activity by CDs is attributed to their 
efficient electron transfer capabilities; modulation of the catalytic activity 
of an enzyme in presence of CDs [29] or the degradation of bisphenol A 
and rhodamine B by modifying CDs with BiOCl ultrathin nanosheets 
[30] are excellent examples of the crucial role of CDs in the 
improvement of photocatalysis. Furthermore, CDs were used as efficient 
nanocatalysts for hydrogen-bond (H-bond) catalysis in the aldol 
condensation [31] and also for oxygen reduction reactions by dual doped 
CDs with high content of boron and nitrogen atoms [32]. 
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I.3.2. CARBON DOTS AS ANALYTE 
The presence of NPs in consumer products is still in its early 
beginnings and there are two routes by which the nanoparticles reach 
these products; they can be produced during the manufacturing or be 
added artificially.  
Few papers have been reported until now, in which CDs were 
found in food and then, be considered as the target analyte. Now, the 
presence of CDs in different consumer products is addressed.  
 
I.3.2.1. Carbon Dots in food caramels and bread 
Spherical carbon nanoparticles were observed in different 
carbohydrate food caramels (bread, jiggery, sugar caramels, corn flakes 
or biscuits) owing to their formation at the high temperatures used during 
the preparation process. Furthermore, it could be observed that the 
highest temperatures lead to the smaller carbon nanoparticles; thus, the 
smallest CDs found were of 4 nm in average size [33]. 
The Quantum Yields (QY), using the quinine sulphate as 
reference were quite small, being 0.63 and 1.2 % in the case of CDs from 
sugar caramels and bread, respectively. 
 
I.3.2.2. Carbon Dots in Nescafe  
Photoluminescent CDs with an average size of 4.4 nm were found 
in commercial Nescafe instant coffee [34]. After their dispersion in 
water, these CDs showed strong photoluminescence under ultraviolet 
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light with a QY of 5.5 %, excitation-dependent emission behavior, 
upconversion properties and excellent stability against pH.  
 
I.3.2.3. Carbon Dots in beverages  
In addition, spherical CDs were observed in commercial 
beverages (Kvass, pony malta, pilsner beer, vivant storm and Profit) [35].  
For instance, Kvass is a nonalcoholic fermented beverage from Russian 
which possesses CDs with an average size of 5 nm and QY of 2.22 %.  
Furthermore, these CDs also exhibit a excitation-dependent 
emission behavior and an excellent pH stability. 
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I.4. Herramientas experimentales 
usadas en la Tesis  
 
I.4. Experimental tools involved in 
the Thesis  
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In the present Doctoral Thesis different analytical tools were 
employed, divided into reagents, nanoparticles, real samples and the 
instrumentation for the analysis, preparation and characterization of NPs. 
In this section, all this information is listed and discussed.  
 
I.4.1. REAGENTS, NANOPARTICLES AND REAL SAMPLES 
I.4.1.1 Reagents 
 Organic analytes: 2,4,6-trinitrotoluene, 2,4-dinitrotoluene, 2,6-
dinitrotoluene, m-nitrotoluene, o-nitrotoluene, 1,3-dinitrobenzene, 1,4-
dinitrobenzene, 2,4-dinitrophenol, m-nitrophenol, 2,5-dichlorophenol, o-
xylene, m-xylene, pyrene, ethylamine, triethylamine, histamine, 
phenylalanine-D, tryptophan, 2-amino-3,4,8-trimethyl-3H-imidazo [4,5-
f] quinoxaline, 2-amino-3,8-dimethylimidazo [4,5-f] quinoxaline, urea, 
D-(+)-glucose, cobalt(II) nitrate hexahydrate, iron(III) nitrate 
nonahydrate, zinc nitrate hexahydrate, calcium nitrate tetrahydrate, 
aluminum nitrate nonahydrate, magnesium nitrate, lead(II) nitrate, zinc 
chloride, copper(II) sulphate, mercury(II) chloride, cadmium chloride 
anhydrous, mercury(II) nitrate monohydrate and silver nitrate.  
 Organic precursors: ethylene glycol, glycerine, cellulose 
microcrystalline, tribasic sodium citrate, gold(III) chloride solution, 
N,N’-diisopropylcarbodiimide, N-hydroxysuccinimide, ethylenediamine, 
cysteamine hydrochloride, triethylamine, diethylamine, N-Boc-
ethylenediamine, carboxymethyl β-cyclodextrin sodium salt, 5-
aminosacylic acid, diisocyanate, dodecyl-grafted-poly(isobutylene-alt-
maleic-anhydride (PMA) and citric acid.  
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 Solvents: ultrapure water, acetone, ethanol, chloroform, 
dichlorometane, toluene, ethyl acetate, methanol, dimethyl sulfoxide, 
tetrahydrofuran, 1-octadecene, hexane and diethyl ether. 
 Others: sulphuric acid, nitric acid, hydrochloric acid, 
ethylenediaminetetraacetic acid, humic acid, sodium hydroxide, sodium 
carbonate, sodium chloride, potassium bromide, sodium dodecyl 
sulphate, hexadecyltrimethylammonium bromide, quinine hemisulfate 
salt monohydrate, triton
TM
 X-100, Kaiser test kit (phenol in ethanol, 
potassium cyanide in pyridine and ninhydrin in ethanol) and 1-butyl-3-
methylimidazolium tetrafluoroborate.  
 
I.4.1.2. Nanomaterials 
Both inorganic (metallic) and organic (carbonaceous) 
nanoparticles were considered as analytes or interferences in the present 
Doctoral Thesis 
Metallic nanoparticles such as AuNPs and AgNPs of different 
sizes and coatings were used. Citrate-coated AuNPs of two different sizes 
(13 and 35 nm) were prepared accordingly to Frens [1] whereas AgNPs 
with different coatings (citrate or PVP) were supplied from Sigma 
Aldrich (10 and 20 nm).  
Carbon nanoparticles: SWCNTs, MWCNTs, C60 and graphene 
obtained from different suppliers were used as synthetic precursor or 
analyte. Table I.1 summarizes the principal features and suppliers of 
carbon NPs.  
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Nanomaterial Supplier Diameter  (nm) Purity (%) 
SWCNTs Sigma Aldrich 0.7-0.9 ≥77 
 
MWCNTs 
Baytubes 6-9  
NTP 10-20  
Cheap-tubes 10-30 ≥90 
Fullerene Sigma Aldrich 0.7 99.5 
Grapehene 
(1-2 layers) 
avanGRAPHENE   
Table I.1. Principal characteristics of carbon nanoparticles. 
 
I.4.1.3. Samples 
 A variety of samples were used for analysis, being divided into 
environmental and consumer products, as depicted in Figure I.7.  
For analysis of soils a reference material (NIST SRM 1941a) was 
used. The enrichment of the sample is described: 1g of soil was spiked 
with the analyte and placed in a fume hood to allow the evaporation of 
the solvent. Then, samples were allowed to stand for 1 h to be sure of the 
complete interaction with the analyte. 
The river water (Guadalquivir and Rabanales) and tap-water 
samples were collected in a glass bottle without leaving headspace. All 
samples were filtered and stored at 4 ºC until use. These samples were 
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fortified with different substances and left before the analysis for 12 h at 
room temperature. 
 
Figure I.7. Environmental samples and consumer products used. 
 
Mussels were purchased fresh and taken to the laboratory where 
soft tissues were separated from shells. After that, tissues were washed 
several times with ultrapure water and were frozen at -80 °C for 
subsequent lyophilization. Finally, the dried tissues were grounded to 
obtain a solid powder. Mussels were fortified with the analyte and left 12 
h before use. 
As cosmetics creams were selected for testing. For the 
enrichment, 0.1 g of cream was spiked with the analyte and left 1 h 
before use. 
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I.4.2. INSTRUMENTATION AND EQUIPMENTS 
All instrumental equipments used in the development of this 
Doctoral Thesis involved both spectroscopic and microscopic techniques: 
spectrofluorimetry and UV-Vis spectrometry, Infrared (IR) spectrometry, 
rheology, nuclear magnetic resonance (NMR), dynamic light scattering 
(DLS), Raman confocal microscopy and atomic force (RAMAN/AFM), 
transmission electron microscopy (TEM), scanning electron microscopy 
(SEM) and elemental analysis. 
 
I.4.2.1. Spectrofluorimetry and UV-Vis spectrometry  
To perform fluorescence and UV-Vis measurements a PTI 
QuantaMaster
TM
 spectrofluorimeter was used as detector (Photon 
Technology International) controlled by software FeliX32. The UV-Vis 
measurements were carried out with a deuterium and halogen lamp, 
whereas the emission and excitation spectra were obtained using a xenon 
short lamp pulse of 75 W. 
Lifetimes measurements of carbon (quantum) dots were obtained 
with a nitrogen picosecond laser and a strobe detector coupled to a 
Czerny-Turner monochromator type. 
 
I.4.2.2. Infrared (IR) spectrometry 
Infrared spectra were obtained with a FTIR spectrometer Bruker 
Tensor 27 with microscope Hypeion 2000 using potassium bromide 
pellets. 
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I.4.2.3. Rheology 
Rheologycal behavior of gels was evaluated with an AR2000 
rheometer at 10 °C. 
 
I.4.2.4. Nuclear magnetic resonance (NMR) spectroscopy 
1
H NMR spectra were obtained with a Bruker Avance-400 MHz 
spectrometer which has a radiofrequency console with two channels, a 24 
position autosampler and variable temperature. 
 
I.4.2.5. Dynamic light scattering (DLS) 
Both average size and size distribution of NP aqueous solutions 
were measured with a Malvern Zetasizer Nano ZSP at room temperature.  
 
I.4.2.6. Raman confocal and atomic force microscopy (RAMAN/AFM)  
Raman spectra were obtained with a confocal Raman microscope 
(CRM) alpha500 of WiTec GmbH with a double laser frequency of Nd: 
YAG 532 nm. 
Furthermore, AFM images were obtained by coupling the 
microscope AFM Raman alpha500 team of WiTec using intermittent 
contact mode (AC). Cantilevers with spring constants of 42 N/m and 
resonance frequency of 285 kHz were used. 
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I.4.2.7. Transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) 
Characterization of nanoparticles was performed using 
transmission electron microscopes of low resolution (JEOL JEM 1400 
equipped with a resolution of 0.38 nm between points using an 
accelerating voltage of 100 kV) and high resolution (TEM JEOL JEM 
2010 with a resolution of 0.194 nm between points and Philips CM200). 
Characterization of gels was carried out using the scanning electron 
microscope Dual Beam (FIB/SEM) FEI-Helios NanoLab 600 in 
immersion mode with a resolution of 1 nm to 15 KV. 
 
I.4.2.8. Elemental Analysis  
Elemental analyses were performed with a ThermoQuest FlashEA 
1112 microanalyzer using sulfanilamide as patron for quantification. 
 
Other equipments involved: 
o Centrifuge Centronic BL-II of JP Selecta 
o Ultrasonic bath PCE-UC 20 
o Ultrasound probe Vibra-Cell ™ 75041 
o Heating mantle with magnetic stirring JP Selecta 
o Magnetic stirrer and vortex 
o Precision analytical balance OHAUS Explorer 
o pHmeter Crison (Basic 20) 
o Milli-pore water System  
o Heater BOSCH PHG 500-2 
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BLOQUE II 
 
PREPARACIÓN Y 
CARACTERIZACIÓN  
DE CARBON (QUANTUM)  
DOTS 
 
PREPARATION AND 
CHARACTERIZATION 
OF CARBON (QUANTUM) 
DOTS 
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his block provides the experimental procedures 
performed during the present Doctoral Thesis. Thus, 
block II involves all the different synthetic routes of 
carbon (quantum) dots; bottom-up methodology uses glycerin, ethylene 
glycol, cellulose microcrystalline and an amphiphilic polymer as 
molecular precursors whereas in the case of top-down methodology 
carbon nanotubes and fullerene are the carbon sources (Figure II.1). In 
the last case, additional steps were needed to activate their fluorescence 
features via passivation and those that confer them specific chemical 
reactivity via functionalization. 
 
Figure II.1. Synthesis of carbon (quantum) dots via the bottom-up and top-down 
methodologies using a variety of precursors.  
 
Later, the third part of this block is devoted to the characterization 
of the synthesized carbon (quantum) dots. A brief comparative of the 
main features taking into account their optical (fluorescence, Raman and 
absorbance), superficial (IR, RMN, elemental analysis) and 
morphological (TEM, AFM and DLS) characteristics is addressed.  
 The last part of this block provides suitable information about the 
easy preparation of hydrogels based on carbon (quantum) dots using a 
bis(urea) as gelator. Reproducible hydrogels were characterized in terms 
T 
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of their optical, structural and rheological properties and compared 
versus the aqueous solutions containing carbon (quantum) dots. 
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II.1. Síntesis y pasivación de 
Puntos (Cuánticos) de Carbono  
 
II.1. Synthesis and passivation of 
Carbon (Quantum) Dots 
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In this part of the Block II, the principal synthetic routes to obtain 
carbon (quantum) dots as well as the passivation procedure are described. 
 
II.1.1. SYNTHESIS OF CARBON NANODOTS BY THE 
BOTTOM-UP APPROACH  
Carbon nanodots (CNDs) are a type of fluorescent carbon-based 
nanodots characterized for the lack of quantum confinement and 
crystalline structure; nevertheless these fluorescent nanodots display 
excitation-dependent PL and size-independent PL as mentioned in 
Section I.2.  
CNDs are generally prepared from a variety of molecules and 
polymers via bottom-up methodology at low temperatures (not superior 
to 250 ºC). Based on that, we proceeded to synthesize those using 
different molecular precursors, such as glycerin, ethylene glycol, 
cellulose microcrystalline and the amphiphilic polymer PMA without the 
need of any additional step, as shown in Figure II.2.  
In the case of glycerine and ethylene glycol as organic precursors 
5 mL of each one were mixed with 15 mL of pure sulphuric acid (H2SO4) 
and the mixture was heated and stirred at 120 ºC for 5 h. Then, 50 mL of 
ultrapure water were added to the mixture and the final solution was 
sonicated and centrifuged at 13000 rpm. After the supernatant removal 
the precipitate was redissolved in ultrapure water by sonication to obtain 
the fluorescent CNDs.  
For cellulose microcrystalline 1 g was added to 30 mL of 12.2 N 
H2SO4 and stirred at 120 ºC for 7 h. After cooling down, the mixture was 
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centrifuged at 13000 rpm with the appearance of CNDs in the 
supernatant.  
In all cases, hydrophilic CNDs were obtained in acidic aqueous 
solutions, and therefore 1 M of sodium carbonate (NaCO3) was added for 
stabilization. The excess of Na2SO4 were removed with ethanol via 
crystallization at -5 ºC.   
 
Figure II.2. Synthetic scheme of carbon nanodots. 
 
For obtaining hydrophobic CNDs a different procedure was 
performed. The synthesis was carried out using an amphiphilic PMA 
polymer dodecyl-grafted-poly(isobutylene-alt-maleic anhydride) as 
precursor. The synthetic procedure involved the dissolution of 1 mL of 
PMA in 15 mL 1-octadecene (0.5 M) and stirring and heating at 220 ºC 
for 8 h. The as-prepared CNDs were purified to remove the big 
aggregates and soluble impurities in two steps; by washing with ethanol 
and washing with ultrapure water with centrifugation twice/three times 
respectively at 3000 rpm.  
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II.1.2. SYNTHESIS AND PASSIVATION OF CARBON 
QUANTUM DOTS BY THE TOP-DOWN APPROACH 
Carbon quantum dots (CQDs) are another type of carbon-based 
nanodots which exhibit quantum confinement and crystalline structure as 
graphitic sp
2 
carbon.  
Following this synthetic strategy, in some cases low PL nanodots 
are obtained and additional steps such as passivation or functionalization 
are needed to boost their fluorescent features. In addition, these CQDs 
exhibit lack of selectivity and it is essential to tune their sensing 
properties by modifying their surface. The first mentioned step is 
important to activate or increase the CQD PL which is attributed to 
impurities, surface defects, functional groups or adsorbed molecules 
whereas the functionalization step consists on conferring specific 
chemical reactivity towards the analyte.   
The synthesis of CQDs was carried out using three different 
carbon nanomaterials as carbon sources (SWCNTs, MWCNTs or C60). 
Thus, 0.2 g of precursor were added to an H2SO4/HNO3 acidic mixture 
(3:1) and heated at 140 ºC for 7.5 h under stirring. After that, the 
resulting solution was divided in two portions for treating one of them 
with acetone; then, both portions were standing overnight. The following 
day, both portions containing raw-CQDs (r-CQDs) and passivated-CQDs 
(p-CQDs) were centrifuged at 13000 rpm, treated with sodium carbonate 
and purified with ethanol to remove the excess of NaNO3 and Na2SO4.  
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II.2. Funcionalización de Puntos 
(Cuánticos) de Carbono  
 
II.2. Functionalization of Carbon 
(Quantum) Dots 
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Functionalization step consists of conferring specific chemical 
reactivity to CQDs. For that purpose, p-CQDs from MWNCT as 
precursor were used owing to their narrower fluorescent band and the 
carboxylic groups onto their surface for the easy functionalization via 
amidation reaction. We proceeded to functionalize their surface with 
different amines and cavitands in order to create specific interactions 
between CQDs and the specific target. 
Figure II.3 illustrates all functionalized CQDs developed during 
this Doctoral Thesis, which are thiol-CQDs (t-CQDs), amine-CQDs (a-
CQDs) and β-cyclodextrin-CQDs (cd-CQDs).  
 
Figure II.3. Scheme of the preparation of functionalized CQDs. 
 
II.2.1. THIOL ENDING GROUPS  
A deoxygenated solution of p-CQDs (5 mL, 29.4 mg·mL
-1
) was 
mixed with N,N‟-diisopropylcarbodiimide (DIC, 100 µL, 1 mmol) and N-
hydroxysuccinimide (NHS, 85.73 mg, 1.2 mmol) at physiological pH. 
The mixture was stirred under inert atmosphere for 30 min. After that, a 
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degassed solution of triethylamine (TEA, 5 µL, 3.58·10
–3
 mmol) and 
cysteamine (56.5 mg, 0.497 mmol) was added dropwise and left under 
stirring overnight. The as-prepared functionalized CQDs with thiol 
groups onto their surface (t-CQDs) were purified by multiple washings 
with dichloromethane to remove by-products.  
 
II.2.2. AMINE ENDING GROUPS  
 A deoxygenated solution of p-CQDs (0.94 mg·mL
-1
) was mixed 
with DIC (100 µL, 1 mmol) and NHS (85.73 mg, 1.2 mmol) at 
physiological pH. The mixture was stirred under an inert atmosphere for 
10 min and then N-Boc-ethylenediamine (Boc-EDA, 79.16 mL, 0.5 
mmol) and TEA (5 µL, 3.58·10
–3
 mmol) were added. Then, the mixture 
was left overnight under stirring at room temperature. In this case, the 
obtained functionalized CQDs possess Boc-protected groups onto their 
surface. To obtained free amines at surface, the respective CQDs were 
heated at 100 ºC for 10 min. The resulting free-amine CQDs (a-CQDs) 
were purified by washing with chloroform.   
The content of amine groups onto their surface was calculated 
with a colorimetric Kaiser Test kit and corroborated with other 
spectroscopic techniques such as IR. 
 
II.2.3. β-CYCLODEXTRIN ENDING GROUPS 
 The functionalization of CQDs with cavitands was an interesting 
strategy to improve selectivity of the CQDs as sensor. The achievement 
of such innovated type of system was addressed in two steps by using the 
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a-CQDs as starting reagent. In the first step, the coupling agents NHS (50 
mg, 0.5 mmol) and DIC (126 mg, 1 mmol) were added to carboxymethyl 
β-cyclodextrin sodium salt (CMβ-cd, 200 mg, 0.1 mmol) to activate the 
carboxylic groups of the cavitands. After 30 min, the mixture was reacted 
with a deoxygenated solution of a-CQDs (4 mL) and TEA (5 µL, 
3.58·10
–3
 mmol) overnight at room temperature. A second 
functionalization step was needed to increase the amount of CMβ-cd onto 
CQDs surface, that is CMβ-cd (400 mg, 0.25 mmol), DIC (126 mg, 1 
mmol) and NHS (50 mg, 0.5 mmol) were added to the functionalized 
CQDs with TEA (5 µL, 3.58·10
–3
 mmol). This mixture was left 
overnight under stirring at room temperature. After that, the obtained 
CQDs were washed with chloroform.  
To evaluate the degree of functionalization colorimetric Kaiser 
tests were performed in order to corroborate the lack of free amine 
groups.  
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II.3. Caracterización de Puntos 
(Cuánticos) de Carbono en 
solución 
 
II.3. Characterization of Carbon 
(Quantum) Dots in solution 
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Different techniques were used to fully characterize the different 
carbon (quantum) dots synthesized during the Thesis working period 
(Figure II.4) 
In this section, we are going to study each carbon-based nanodot 
with more detail and a comparative of the optical, morphological and 
surperficial characteristics is also addressed.   
 
Figure II.4.  Different techniques used in the carbon (quantum) dot characterization 
  
Most of techniques are common for the characterization of the 
different types of carbon (quantum) dots although not all of them were 
used for each type.  
 
II.3.1. OPTICAL CHARACTERIZATION  
Based on the fact that carbon-based nanodots are typified by their 
excellent fluorescence, that is, emission of light by a substance which has 
absorbed light or other electromagnetic radiation (Figure II.5). Thus, all 
the synthesized carbon (quantum) dots were characterized measuring this 
property. 
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Figure II.5.  Symplified E diagram of the absoption and emission of photons in 
a system. Hν is the energy of photon and ΔE is the difference in energy between both 
excited and ground states. 
 
First of all, we want to emphasize that the carbon quantum dots 
(CQDs) obtained through SWCNTs, MWCNTs and C60 were not enough 
fluorescent and it was necessary to increase their fluorescence properties 
by passivation. Thus, the r-CQDs obtained before passivation are not 
discussed in this section due to their lack of fluorescence. Moreover, in 
this part only CQDs obtained from MWCNTs are commented thanks to 
their interesting photoluminescence in terms of high intensity and a 
narrow band (for more information see Block III.2.). Secondly, although 
all carbon nanodots (CNDs) obtained by the bottom-up methodology 
were fluorescent, only those prepared from cellulose microcrystalline and 
amphiphilic polymer as precursors are addressed in this part because of 
their excellent PL features.  
After this clarification the differences between p-CQDs, t-CQDs, 
a-CQDs, cd-CQDs, cellulose-CNDs (c-CNDs) and nitrogen-doped CNDs 
(N-doped CNDs) are evaluated.   
Regards to fluorescence, generally for most of CDs described in 
literature the absorbed radiation is in the UV region of the spectrum 
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whereas the emitted light appears in the visible region. These 
characteristics also occurs with the prepared carbon (quantum) dots; thus, 
all of them showed blue emission fluorescence after excitation at their 
maximum wavelength ranging from 370 to 390 nm, as it depends on the 
type of carbon (quantum) dots. The QY, which gives us the efficiency of 
the fluorescence process and provides the fraction of excited molecules 
returning to the ground state via fluorescence, was calculated using 
quinine sulphate as reference at 360 nm as the excitation wavelength for 
each carbon-based nanodot except for N-doped CNDs where anthracene 
in cyclohexane was used as standard owing to their hydrophobic 
character. Table II.1 summarizes the maximum excitation wavelength 
(λexc) and QY of each carbon (quantum) dots.   
Table II.1. λexc and QY of each carbon (quantum) dots 
 
Furthermore, lifetime measurements were performed for some of 
the carbon (quantum) dots to know the average time that the molecules 
persisted in their excited state. As for most of these nanoparticles, our 
data are within the medium values of lifetime (3-4 ns). In addition, the 
fluorescence emission dependence on excitation wavelength was 
Type of carbon (quantum) dots λexc (nm) QY (%) 
p-CQDs 370 10 
t-CQDs 365 - 
a-CQDs 365 3 
cd-CQDs 360 1.7 
c-CNDs 370 19 
N-doped CNDs 390 78 
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evaluated for different types of carbon (quantum) dots. In fact, CNDs 
show clear λexc dependence whereas the emission of CQDs does not 
depend on λexc. Thus, we were able to distinguish the obtained spherical 
carbon nanodots prepared during the three years of my Thesis degree in 
the two categories, CQDs and CNDs. Note that the intensity of the PL 
emission of p-CQDs is largely dependent on pH as well as CNDs from 
ethylene glycol.   
Interestingly, only N-doped CNDs obtained from PMA polymer 
exhibit upconversion properties, that is, they possess the ability to 
convert the sequential absorption of radiations with lower energy into 
emission of light with higher energy; N-doped CNDs excited at 370, 420 
and 470 nm exhibit emissions centered at 700, 800 and 900 nm. 
Other optical technique used for the characterization of carbon 
(quantum) dots is the absorbance spectroscopy which consists on the 
measurement of the amount of light absorbed by the sample. Both types 
CQDs and CNDs were characterized by this technique showing excellent 
photon-harvesting in the UV region possibly due to the π-π* transitions 
of C=O, C=C and C=N bonds.  
Raman spectroscopy was also used in this Doctoral thesis for 
CQDs to be considered as a powerful and valuable technique for 
investigating the detailed bonding structure of the carbon nanomaterials. 
As expected, two characteristics G-mode (in the vicinities of 1600 cm
-1
) 
and D-mode (around 1300 cm
-1
) bonds appeared in the Raman spectra of 
carbon-based dots, being attributed to the sp
2
 and sp
3
 carbon, 
respectively; the G-mode is known as the graphite or tangential band. 
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The D-mode is known as the diamond band and its presence in these NPs 
indicated a disordered graphitic structure. 
 
II.3.2. SURFACE CHARACTERIZATION  
IR spectroscopy deals with the infrared portion of the 
electromagnetic spectrum and is divided into the near- (14000-4000 cm
-
1
), mid- (4000-400 cm
-1
) and far- (400-10 cm
-1
) IR. In the present 
Doctoral Thesis, a Fourier transform infrared (FTIR) spectrometer in the 
middle region was used to identify the different functional groups onto 
carbon (quantum) dot surface.  
Most of CQDs and CNDs exhibit strong peaks at around 1500 and 
1700 cm
-1
 related to C=C and C=O, respectively, whereas other 
characteristics peaks were exclusively observed in some of them. Table 
II.2 summarizes the most important peaks in the IR spectrum of each 
type of carbon (quantum) dots.  
Apart from those peaks, t-CQDs present a characteristic peak at 
2500 cm
-1 
related to the vibrational mode of S-H, a-CQDs at 3380 cm
-1
 
related to N-H and N-doped CNDs at 1641 cm
-1
 related to C=N. Some of 
these groups were confirmed by other techniques, for example 
1
H NMR 
of a-CQDs showed the presence of an asymmetric covalently EDA 
linkage whereas Kaiser test experiments indicate the amount of free 
amine groups onto their surfaces. For the case of N-doped CNDs, the 
Nitrogen content within the carbon core was calculated by elemental 
analysis (0.11 %).  
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Table II.2. IR common peaks of carbon (quantum) dots 
 
II.3.3. MORPHOLOGICAL CHARACTERIZATION  
The average size of the different carbon (quantum) dots was 
calculated using techniques such as TEM, AFM or DLS. CQDs were 
characterized by TEM owing to their easy sample preparation although 
the poor contrast of the carbon make difficult their characterizations, 
finding an average size of 3 nm for all CQDs. This data was corroborated 
by AFM images for some of the nanodots. In the case of CNDs, only 
DLS were used to calculate their average diameter as well as the size 
distribution, resulting in spherical nanodots of bigger NP size (of 4.7 nm) 
than those CQDs.  
  
  
Type of carbon 
(quantum) dots 
C-O 
( cm
-1
) 
C=C 
( cm
-1
) 
C=O 
( cm
-1
) 
C-H 
( cm
-1
) 
O-H 
/ NH 
( cm
-1
) 
p-CQDs 1150 1620 1720 2978 3459 
t-CQDs 1216 1524 
1650, 
1711 
2963 3036 
a-CQDs 
1170, 
1252 
1527 1676 2978 
3500, 
3378 
cd-CQDs 1156 1595 1701 2923 3412 
c-CNDs 1143 1541 1708 2949 3427 
N-doped CNDs - - 1712 2923 - 
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II.4. Preparación de geles de 
Puntos (Cuánticos) de Carbono  
 
II.4. Preparation of Carbon 
(Quantum) Dots gels 
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In the last part of Block II, a description of the protocols and 
characterization of hydrogels based on both types of carbon-based 
nanodots (CQDs and CNDs) is shown. The CQDs used were p-CDs, a-
CDs and t-CDs whereas the CNDs involved were c-CDs. It is important 
to note that the general terminology „Carbon Dots‟ (CDs) was used to 
designate all types of carbon-based nanoparticles involved. This fact is 
due to the later publication of the review “Semiconductor and carbon-
based fluorescent nanodots: The need for consistency” included in Block 
I.2.  
 Based on the fact that most of applications developed for CDs are 
in aqueous solution, we thought about the possibility of making 
hydrogels based on CDs for analytical applications. Thus, the first 
objective of the following work consisted of the fabrication of stable and 
reproducible hydrogels using CDs and interestingly many advantages in 
related to the fluorescence occurred in gel-state. Furthermore, as the 
second objective the potential applicability of these fluorescent CD-
hydrogels as sensor of heavy metal ions was demonstrated. 
 
Graphical Abstract Chemical Science 6 (2015)6139-6146. 
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Abstract 
 The incorporation of functionalized carbon nanodots within a 
novel low molecular weight salt hydrogel derived from 5-aminosalicylic 
acid is reported. The carbon dots result in markedly enhanced gelation 
properties, while inclusion within the hydrophobic gel results in a 
dramatic fluorescence enhancement for the carbon nanomaterials. The 
resulting hybrid CD gels exhibit a useful sensor response for heavy metal 
ions, particularly Pb
2+
. 
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1. INTRODUCTION 
Impressive progress has been made in photoluminescent (PL) 
carbon-based dots (CDs) since their discovery in 2004 [1], in many 
applications such as bioimaging, drug delivery and analytical sensing. 
Particular applications include engineering bright nanoprobes towards 
pollutants and metal ions [2–7] because of their stability, high water 
solubility, biocompatibility low toxicity, easy surface modification and 
excellent PL properties. To date CDs have been used in aqueous solution, 
however incorporating them into a gel medium offers particular promise 
in stabilising and immobilising the nanoparticles, and may result in 
interesting effects on the properties of the gel–nanomaterials hybrid 
itself. Moreover, shielding the CDs within a more hydrophobic 
environment may result in considerable enhancement of the CD 
fluorescence. Recently, a few researchers have incorporated carbon 
nanomaterials in ionic liquids or into agarose hydrogels to modify their 
electrochemical properties [8], as part of a sensing system for heavy 
metal ions [9] or as a vehicle for drug delivery [10]. 
Gels are flexible, soft materials that behave as solids on the 
analytical timescale, but are composed predominantly of a fluid phase 
[11-12]. There have been a number of interesting recent reports 
concerning the incorporation of nanomaterials into gel phase media [13-
19]. In particular, introduction of carbon nanomaterials such as carbon 
nanotubes and graphene has been shown to result in gel stabilization and 
modification of the carbon nanomaterial properties [13]. There has been 
considerable recent interest in small-molecule supramolecular gels 
composed of self-assembled fibrillar networks (SAFINs) derived from 
relatively well-defined interactions between low molecular weight 
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gelators (LMWG) [11,20-29]. These small-molecule SAFINs offer the 
opportunity to design desirable gel properties. Gelator preparation is 
generally straightforward allowing considerable synthetic versatility and 
variability, and the gels often exhibit readily reversible gelation behavior 
[12]. The range of structure types of LMWG is very broad, comprising 
amides, nucleobases, fatty acids and dendrimers, for example [12]. 
Within this context, bis(urea) derivatives [30–34] are particularly 
versatile because the gel-forming tendency of the urea groups is tolerant 
of variations in the spacer between them and the peripheral substituents, 
allowing the design of tailored gelators for targeted applications such as 
separations [35], drug delivery [36-38], polymer templating [39-40] and 
as media to control crystal growth [41-44]. 
In this work we report the preparation, properties and ion sensing 
applications of novel carbon dot–hydrogel hybrid nanomaterials using 
LMWGs designed to provide a hydrophobic environment suitable for 
fluorescent ion sensing within an aqueous medium. While polymer gels 
have been used in conjunction with CDs [9,18-19], to the best of our 
knowledge this work represents the first incorporation of CDs within an 
LMWG based gel medium. 
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2. EXPERIMENTAL 
2.1. Reagents and instrumental 
Sulphuric acid (95–98 %), nitric acid (69 %), ethanol (99 %) and 
chloroform were purchased from PANREAC, S.A.U. (Barcelona, Spain). 
N,N`-Diisopropylcarbodiimide (DIC, 98 %), triethylamine (TEA, 99 %), 
N-hydroxysuccinimide (NHS, 97 %), cysteamine hydrochloride (98 %), 
acetone (99.5 %), N-Boc-ethylenediamine (Boc-EDA, 98 %), cellulose 
microcrystalline (50 mm particle size), dimethyl sulfoxide (DMSO, 99.9 
%), 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF4, 97 %), 
sodium carbonate (99.95 %). 5-aminosalicylic acid and the diisocyanates 
purchased from Sigma–Aldrich, while the multi walled carbon nanotubes 
were purchased from Bayer (Germany). NMR spectra were measured on 
a Bruker Avance-400. 
 
2.2. Synthesis 
Compound 1a. 5-aminosalycilic acid (0.5 g, 3.27 mmol) was 
added to a solution of 4,4´-methylenebis(2,6-diethylaniline) (0.59 g, 1.63 
mmol) in chloroform:ethanol (15 mL : 1.5 mL). Triethylamine (0.78 mL, 
5.59 mmol) to give a solution that was heated under reflux for 3 h. The 
resulting suspension was then filtered and washed with chloroform (100 
mL) to give 1a as an off-white solid (0.95 g, 1.09 mmol, 67%). 
1
H NMR 
(400 MHz, DMSO-d6) δ 8.57 (s, 2H, OH), 7.68 (s, 2H, NH), 7.62 (s, 2H, 
NH) 7.31 (d, 
3
J = 8.7, Hz, 2H, ArH), 6.98 (2s, 6H, ArH), 6.58 (d, 
3
J = 8.6 
Hz, 2H, ArH), 3.85 (s, 2H, CH2), 3.07 (q, J = 7.3 Hz, 12H, NCH2CH3), 
2.55 (q, 
3
J = 7.7, Hz, 8H, ArCH2CH3), 1.17 (t, 
3
J = 7.1 Hz, 18H, 
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NCH2CH3), 1.11 (t, 
3
J = 7.5 Hz, 12H, ArCH2CH3); 
13
C{
1
H} NMR (400 
MHz, DMSO-d6) δ 172.09 (CO2H), 156.28 (C=O), 142.20 (ArC), 140.02 
(ArC), 132.64 (ArC), 132.19 (ArC), 126.62 (ArC), 117.43 (ArC), 112.54 
(ArC), 41.20 (CH2), 24.67 (CH2), 15.11 (CH3); ESI (m/z): 770 [M – NEt3 
+ H]
+
; analysis calc. for C49H70O8N6: C 67.56, H 8.1, N 9.65 %; found: C 
66.73, H 7.88, N 9.18 %. 
Compound 1b: Compound 1a was sonicated in 1M aqueous HCl 
(250 mL) for 30 minutes, filtered and washed with chloroform to give 1b 
as an off white solid which was isolated by filtration and air dried (0.6 g, 
0.89 mmol, 54.8%). 
1
H NMR (400 MHz, DMSO-d6) δ 10.79 (bs, 2H, 
CO2H), 8.87 (s, 2H, OH), 7.95 (s, 2H, NH), 7.64 (s, 2H, NH), 7.49 (d,
3
J 
= 8.9, Hz, 2H, ArH), 6.98 (s, 6H, ArH), 6.87 (d, 
3
J = 8.9 Hz, 2H, ArH), 
3.85 (s, 2H, CH2), 2.53 (q, 
3
J = 7.5 Hz, 8H, ArCH2CH3), 1.10 (t, 
3
J = 7.5 
Hz, 12H, ArCH2CH3); 
13
C{
1
H} NMR (400 MHz, DMSO-d6) δ 172.30 
(CO2H), 157.40 (C=O), 154.91 (ArC), 142.42 (ArC), 139.78 (ArC), 
132.63 (ArC), 130.15 (ArC), 126.66 (ArC), 119.91 (ArC), 115.69 (ArC),  
45.93 (CH2), 24.99 (CH2), 15.17 (CH3), 9.10 (CH3); ESI (m/z): 667 [M – 
H]
-
; analysis calc. for C37H40O8N4: C 66.45, H 6.03, N 8.38 %; found: C 
63.54, H 5.67, N 7.82 %. The difference can be accounted for by 
calculating the formula with a 0.3 molar ratio of CHCl3. 
Compound 2a: 5-aminosalycilic acid (0.5 g, 3.27 mmol) was 
added to a solution of 1,3-bis(1-isocyanato-1-methylethyl)benzene (0.38 
mL, 1.65 mmol) in chloroform:ethanol (15 mL:1.5 mL). Triethylamine 
(0.78 mL, 5.59 mmol) to give a solution that was heated under reflux for 
4 h. The resulting suspension was filtered and washed with chloroform 
(100 mL) to give 2a as an off-white solid (1.19 g, 1.59 mmol, 97%). 
1
H 
NMR (400 MHz, DMSO-d6) δ 8.14 (s, 2H, NH), 7.61 (s, 2H, NH), 7.46 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
176 
(s, 1H, ArH) 7.26 – 7.13 (m, 5H, ArH), 6.53 (d, 3J = 8.6 Hz, 2H, ArH), 
6.45 (s, 2H, ArH), 3.07 (q, 
3
J = 7.2 Hz, 12H, NCH2CH3), 1.59 (s, 12H, 
CCH3), 1.17 (t, 
3
J = 7.0 Hz, 18H, NCH2CH3); 
13
C{
1
H} NMR (400 MHz, 
DMSO-d6) δ 172.64 (CO2H), 157.36 (C=O), 157.36 (ArC), 148.70 
(ArC), 130.51 (ArC), 123.75 (ArC), 122.93 (ArC), 120.91 (ArC), 119.69 
(ArC), 115.79 (ArC), 54.88 (CCH3), 45.81 (CH2) 30.41 (CH3) 9.04 
(CH3). ESI (m/z): 652 [M – NEt3 + H]
+
; analysis calc. for C40H60O8N6: C 
63.81, H 8.03, N 11.16 %; found: C 54.61, H 6.76, N 9.32 %. The 
difference can be accounted for by calculating the formula with a 1.3 
molar ratio of CHCl3. 
Compound 2b: Compound 2a was dissolved in H2O (250 mL) 
and 1M HCl (250 mL) was added slowly where a precipitate formed 
rapidly. The suspension was filtered and washed with chloroform to give 
2b as an off white solid (0.71 g, 1.29 mmol, 79.0%). 
1
H NMR (400 MHz, 
DMSO-d6) δ 10.83 (bs, 2H, CO2H), 8.36 (s, 2H, NH), 7.87 (s, 2H, NH), 
7.44 (s, 1H, ArH), 7.33 (dd, 
3
J = 8.9, 2.8 Hz, 2H, ArH), 7.27 – 7.20 (m, 
3H, ArH), 6.81 (d, 
3
J = 8.9 Hz, 2H, ArH), 6.46 (s, 2H, ArH), 1.59 (s, 
12H, CCH3). 
13
C{
1
H} NMR (400 MHz, DMSO-d6) δ 172.30 (CO2H) 
156.13 (C=O) 154.78 (ArC) 148.45 (ArC) 132.69 (ArC) 127.96 (ArC) 
126.77 (ArC) 122.98 (ArC) 121.49 (ArC) 119.09 (ArC) 117.47 (ArC) 
112.73 (ArC) 55.01 (C) 30.28 (CH3); ESI (m/z): 549 [M – H]
-
; analysis 
calc. for C28H30O8N4: C 61.08, H 5.49, N 10.18 %; found: C 58.42, H 
5.4, N 9.78 %. The difference can be accounted for by calculating the 
formula with a 0.25 molar ratio of CHCl3. 
 All gelation experiments were carried out at 1 wt% by dissolving 
5 mg of the gelator in 0.5 mL of the desired solvent. The vial was then 
sealed, sonicated for 30 seconds and heated. Gels formed on standing and 
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cooling to room temperature over a period of minutes to hours. Gel 
formation was determined by the inversion test. 
 
2.3. Single crystal X-ray diffraction studies 
Single crystal data was collected at 120.0(2) K on a Bruker 
D8Venture diffractometer (PHOTON-100 CMOS detector, 
IµSmicrosource, focusing mirrors, λMoKα, λ= 0.71073 °A) and 
processed using Bruker APEX-II software. The temperature of the 
samples was maintained by the Cryostream (Oxford Cryosystems) open-
flow nitrogen cryostat. The structure was solved by direct method and 
refined by full-matrix least squares on F
2
 for all data using Xseed, 
OLEX2 and SHELXTL software. All non-disordered non-hydrogen 
atoms were refined anisotropically, hydrogen atoms were placed in the 
calculated positions. Site occupation factors of the carbon atoms of 
disordered propan-1-ol molecule were fixed at 0.50, 0.30 and 0.20, the 
disordered atoms were refined isotropically. 
Crystals of 2a were prepared by allowing a propan-1-ol solution 
of the sample to slowly evaporate. Crystal data for 2a: C43H68N6O9, M= 
813.03, 0.154 x 0.225 x 0.254 mm
3
, monoclinic, space group P21 (No. 4), 
a = 8.3147(6), b= 19.2037(13), c= 14.1567(10) Å, β= 102.128(2)°, V= 
2210.0(3) Å
3
, Z = 2, Dc= 1.222 g/cm
3
, F000 = 880, MoKα radiation, λ= 
0.71073 Å,  T= 120(2)K, 2max = 46.0º, 18991 reflections collected, 6058 
unique (Rint = 0.0783).  Final GooF = 1.001, R1= 0.0570, wR2= 0.1421, R 
indices based on 5189 reflections with I >2(I) (refinement on F
2
), 540 
parameters, 7 restraints.  Lp and absorption corrections applied, µ= 0.086 
mm
-1
.  Absolute structure parameter = 0.1(12). 
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2.4. Carbon dot solutions 
Four different types of CDs were synthesized as described 
previously [22–25]. Briefly, CDs were prepared by acid thermo-
hydrolyses using microcrystalline cellulose (MCC) or multi-walled 
carbon nanotubes (MWCNTs) as carbon precursors. Highly luminescent 
dots (c-CDs) were obtained using MCC, while less fluorescent CDs were 
obtained from MWCNTs. Later, the last CDs were passivated with 
acetone (p-CDs) to boost their PL properties. The p-CDs were then 
surface functionalized either with cysteamine to give a thiol-rich surface 
(t-CDs) or N-Boc-ethylenediamine to give an amine rich surface (a-
CDs). All the CDs synthesised were neutralized and purifed by 
precipitation with ethanol at low temperatures. 
 
2.5. Preparation and optimization of the CD–salt hydrogels 
Gels were prepared by dissolving a carefully weighed amount of 
bis(urea) 1 into an aqueous solution of the relevant CD heating until the 
gelator dissolved and sonicating the as-prepared mixture three times for 
few seconds each time. This procedure resulted in gel formation over the 
course of a few minutes, however at low concentrations of the gelator (≤1 
wt%) in the presence of 1 mg·mL
-1
 CD solution the gels proved 
relatively weak. Addition of BMIM-BF4 (2 wt%) to metathesise the 
hydrogen bonding triethyl ammonium cation resulted in stable, robust 
and transparent gels.  
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2.6. Fluorescence studies 
The differences in the fluorescence intensity and the maximum 
excitation wavelength between liquid and solid were studied for: c-CD, 
p-CD, t-CD and a-CD containing gels in comparison with aqueous 
solutions. Each measurement was carried out three times, λex= 365 and 
370 nm, 2 nm excitation and emission slit widths. Measurements were 
performed with a PTI QuantaMaster™ Spectrofluorometer. 
 
2.7. Analyses of metal ions 
Aliquots of standards (Pb
2+
, Hg
2+
, Co
2+
, Fe
3+
 and Mg
2+
 at 10 
mg·mL
-1
) were dropped onto the CD solution (before gel formation) and 
shaken for 1 min. In the case of CD gels as fluorescent probes, formation 
of the gels was performed as previously described. 
 
2.8. Rheology 
Rheological measurements were carried out with an AR2000 
rheometer at 10 ºC. Frequency sweep experiments were performed at a 
constant oscillation stress of 1 for the angular frequency of 0.1–100, 
while the stress sweep was performed for the oscillation stress of 0.1–
100. 
 
 
 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
180 
2.9. Scanning electron microscopy 
SEM samples were dried in air at room temperature for 2 days, 
coated with 3 nm of chromium using a Cressington 328 Ultra High 
Resolution EM Coating System, and imaged using an FEI Helios 
NanoLab DualBeam microscope in immersion mode, with typical beam 
settings of 1.5 kV and 0.17 nA.  
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3. RESULTS AND DISCUSSION 
3.1. Synthesis and characterization of bis(urea) gels 
The bis(urea) gelators of type 1 are based on a bolaamphiphile 
design [45] that incorporates a hydrophobic diphenylmethane-derived 
central spacer (which we have found commonly results in robust gelation 
characteristics in bis(urea) systems [46]) in conjunction with ionisable 
salicylic acid based peripheral substituents capable of imparting water 
solubility. Related urea and amide carboxylic acid systems have been 
studied previously [47–54]. The bis(2-ureido-2-propyl)-m-phenylene 
analogues of type 2 represent comparator examples that are expected to 
be poor gelators as a result of the steric hindrance around the urea 
carbonyl group. As a result compounds with this spacer group are 
frequently more crystalline than most bis(ureas). In previous work we 
have found they act as useful model compounds allowing structural 
insight into the system because they are easier to isolate in a form 
suitable for single crystal X-ray diffraction studies. 
The synthesis of the salt gelators 1a and 2a was carried out in a 
one-step reaction between the desired isocyanate and 5-aminosalicylic 
acid in the presence of triethylamine base. The presence of the 
triethylammonium cations and the loss of the acid proton in salts 1a and 
2a was clearly evident in the 
1
H NMR spectra and analytical data of the 
materials, and was confirrmed by X-ray crystallography in the case of 2a 
(vide infra), Fig. 1. The analogous free acid 1b was prepared by 
sonicating 1a in 1 M hydrochloric acid for 30 minutes. Compound 2b 
was prepared by dissolving 2a in water followed by the addition of 1 M 
hydrochloric acid upon which the compound precipitated. 
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Fig. 1 The triethylammonium salt gelators 1a and 2a, and the analogous free acids 1b 
and 2b. 
 
Compounds of type 1 and 2 as both free acids and 
triethylammonium salts were screened for gelation and crystallization in 
a wide range of solvents. All gelation experiments were carried out at 1 
wt% using 5 mg of 1a in 0.5 mL of solvent. Samples were sonicated for 
30 seconds followed by careful heating in a sealed vial until the solid 
dissolved. Gelation was observed on cooling to ambient temperature. 
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Fig. 2 (a) Molecular structure of 2a· propan-1-ol (disordered propan-1-ol and CH 
hydrogen atoms omitted). (b) Hydrogen bonding in the structure of 2a·propan-1-ol. 
Selected hydrogen bonding distances (Å): O1•••O2 2.577(5), N1•••O8 2.811(6), 
N4•••O3 2.832(5), N5•••O3 2.700(6), O6•••O7 2.505(5) and N6•••O5 2.775(5). 
 
Compound 1 proved to be a versatile gelator in both salt (1a) and 
neutral (1b) forms. Salt 1a forms gels in a variety of solvents outlined in 
Table S1. Gels formed upon heating and subsequent cooling in a total of 
26 out of 50 solvents studied and partial gels were also observed in 4 
solvents. The compound gels a range of polar solvents with both 
hydrogen bond donor (e.g. alcohols) and acceptor character (e.g. pyridine 
derivatives). The neutral acid form 1b gels in 12 of the 50 solvents 
studied and partial gels were also observed in 10 solvents outlined in 
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Table S2. Interestingly, room temperature gelation of 1a on sonication 
was also observed in a number of instances (Table S3) [55-56] 
Comparison between room temperature sonogels and gels produced by a 
combination of ultrasound and thermal methods revealed that the 
thermally treated materials are more robust and longer lived, although 
some minor degradation was evident in the colouration of some gels 
(Tables S1 and S3, Fig. 3). Some of the gels formed by the sonication 
only process appeared to collapse more readily and in the case of ethanol, 
only persist for around one hour. 
 
Fig. 3 Comparison between gels of 1a formed by a combination of ultrasound and heat 
treatment (labelled 1) and room temperature sonogels (2) at 1 wt%. 
 
While compound 1b gels only organic solvents, the behavior of 
salt 1a in water is particularly intriguing with no gelation observed for 
several days after dissolution at 1 wt%. However from 72 hours onwards 
partial gels began to form and after 10 days robust, transparent self-
supporting gels form implying very slow fibre assembly within the 
competitive aqueous medium (Fig. S5). Increasing the concentration to 2 
wt% results in gelation in less than one day. Gelation is also markedly 
accelerated by lowering the pH (gelation at 1 wt% is rapid in the 
presence of 1 µL of concentrated sulphuric acid). Subsequent addition of 
base in the form of NEt3 results in collapse of the gel. 
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As anticipated, compound 2 with its bulky spacer did not form 
gels in any solvents (Tables S4 and S5), an outcome attributed to steric 
hindrance of the urea carbonyl group preventing urea tape formation (in 
comparison the aromatic groups of 1 may rotate to be orthogonal to the 
urea plane). Crystals of 2a suitable for single crystal X-ray structure 
determination were obtained by slow evaporation of a solution in propan-
1-ol. While not from a gel, the crystal structure serves to provide insight 
into the kinds of interactions possible between gelators bearing these 
functional groups, the triethyl ammonium counter cation and the solvent. 
The crystals proved to be a 1:1 solvate with two crystallographically 
unique HNEt3
+
 cations hydrogen bonded to one carboxylate group and 
one urea carbonyl group of a single unique bis(urea) molecule in the 
presence of a highly disordered molecule of propan-1-ol. The solvent 
molecule hydrogen bonds to a phenolic hydroxyl group. Typically gels of 
bis-ureas arise from the formation of a-tape hydrogen bonding 
interactions between the urea groups in neighbouring molecules based on 
a six-membered hydrogen bonded ring [34,57-58]. In the present 
structure however, the Et3NH
+
 cations effectively inhibit urea tape 
formation by hydrogen bonding to one of the urea groups and sterically 
locking the other. Instead, the strong hydrogen bond acceptor nature of 
the carboxylate groups results in the formation of an alternative, twisted 
non-planar 8-membered hydrogen-bonded ring between the urea 
functionalities and the carboxylate groups (Fig. 2b). The phenolic OH 
groups are both involved in intramolecular hydrogen to the carboxylate 
acceptors. 
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3.2. Carbon dot hybrid gels 
Despite the slow assembly of hydrogels of 1a the final gels 
proved to be robust and transparent and hence were investigated as host 
media for fluorescent carbon dots. Four different types of carbon dot 
were investigated. High luminescence CDs (c-CDs) were prepared from 
microcrystalline cellulose (MCC) whereas low luminescence CDs were 
obtained from multi-walled carbon nanotubes (MWCNTs). The 
nanotube-derived CDs were passivated with acetone (p-CDs) and in 
some cases subsequently functionalized to give thiol rich (t-CDs) or 
amine rich surfaces (a-CDs) to improve their PL properties and ability to 
interact with the gel and with potential analytes. CD-gel hybrids were 
prepared by sonicating 0.5 to 4 wt% of 1a in aqueous solutions of the 
carbon dots ranging from 1–60 mg·mL-1. The critical gelation 
concentration proved to be 1 wt% with solutions of 0.5 wt% not forming 
self-supporting gels. 
Remarkably, unlike the hydrogels which form over a period of 10 
days at 1 wt%, gelation of all of the CD–gel hybrids occurred in a matter 
of minutes. This fortuitous result renders the hybrid gels much more 
convenient to prepare and study than the pure hydrogels and hence is of 
marked benefit in a practical sensing context. While the mechanism for 
gelation is not known the CDs may well act as a hydrophobic nucleation 
and cross-linking node for SAFIN assembly interacting with the fibres by 
hydrophobic and π-π stacking interactions. The effect is not related to the 
increased gelation propensity on acidification since the CD solutions are 
slightly basic, pH 8–9. Gels containing high concentrations of CDs 
proved to be opaque because of the very intense absorption of the CDs, 
however dilution to 1 wt% solutions containing 1 mg·mL
-1
 CDs gave 
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
187 
transparent gels suitable for fluorescence study, although at this low CD 
concentration gelation was less readily reproducible than at higher 
concentrations. We postulate that hydrogen bonding to the solubilising 
Et3NH
+
 cations may interfere with the gel assembly process and 
accordingly we investigated counter cation metathesis by adding a water 
soluble ionic liquid 1-butyl-3-methylimidazolium tetra-fluoroborate 
(BMIM-BF4). The BMIM cation does not possess hydrogen bond donor 
functionality and hence should not interfere with gelation. Pure ionic 
liquids such as BMIM-BF4 are of interest as ionogels for hosting 
magnetic nanoparticles, for example, and silicon-functionalized carbon 
dots have previously been incorporated into ionic liquid based ionogels 
[59–61]. Compound 1a does not gel pure BMIM-BF4; however, addition 
of 1–40 wt% of the ionic liquid to the gel–CD mixture gave robust, 
reproducible gels for all types of CDs. The metathesis with BMIM 
cations proved highly effective with the resulting hybrid 1a–CD–BMIM 
hydrogels forming rapidly at an optimum concentration of 2 wt% BMIM-
BF4 to give robust, transparent hybrid nanomaterials materials suitable 
for fluorescence study.  
The optimized nanomaterials of composition 1 wt% 1a in 500 µL 
of CD solution at 1 mg·mL
-1
 containing 2% BMIM-BF4 are shown in 
Fig. 4. The hybrid gels were characterized by frequency and stress sweep 
rheometry and by SEM. The rheological properties of the four different 
CD hybrid materials were similar to one another with all exhibiting an 
elastic modulus G` greater than the viscous modulus G``, with G` 
invariant with frequency, Fig. 5. At the concentration used the gels are 
relatively weak with G` values of 100–300 Pa and yield stress around 1–
10 Pa. The gels containing the amine-functionalized CDs proved 
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generally to be considerably more robust that the un-functionalized c-
CDs which may indicate a specific hydrogen bonding interaction 
between the amine groups and the carboxylate functionalities of the 
gelators. The SEM images of the dried gels showed a fibrous structure 
consistent with similar SAFIN-based hydrogels [62] with small fibres of 
average diameter of less than 30 nm consistent with the transparent 
appearance of the gels. In comparison the hydrogels before introduction 
of CDs give slightly larger, more tape-like fibres (Fig. S4). 
 
Fig. 4 Optimized ionic-liquid CD–Gel hybrid materials of composition 1 wt% 1a in 500 
µL of CD solution at 1 mg·mL
-1
 containing 2% BMIM-BF4 (left-to-right c-CD, p-CD, t-
CD and a-CD). 
 
 
Fig. 5 (a) Stress sweep and (b) frequency-sweep rheology of dilute ionic-liquid CD–gel 
hybrid materials of composition 1 wt% 1a in 500 µL of CD solution at 1 mg·mL
-1
 
containing 2% BMIM-BF4. 
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3.3. CD-gel fluorescence 
All the CDs in aqueous solution were fluorescent with a full width 
at half maximum (FWHM) about 100 nm which indicates their 
homogeneity. The bottom-up synthesized c-CDs proved to be the most 
fluorescent and are known to possess a higher quantum yield [63]. The 
maximum excitation wavelength was 370 nm, shifting to 365 for the p-
CDs, t-CDs and a-CDs. Fig. S1 shows the fluorescent spectra of all the 
CD solutions. Consistent with previous reports [64–66], the 
functionalized CDs were more fluorescent than the passivated p-CDs 
(Fig.6). 
 
Fig. 6 SEM micrograph of the chromium coated dried (xerogel) ionic liquid a-CD–gel 
hybrid materials based on 1a. The carbon dots of average radius 3 nm are too small to 
be observed. 
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Incorporation of the CDs into the gels resulted in a striking 
enhancement of the CD emission intensity by at least an order of 
magnitude for all types of CDs studied. It is well-known that the PL 
intensity varies significantly with the size and core structure due to the 
synthetic route and precursor used, the surface functionalities of CDs, as 
well as with the environment. As the nanodots in this case are all of 
similar size, the strong emission enhancement of CDs comes from the 
interaction of the CDs with the gelator instead of a quantum size effect. 
Fluorescence spectra for 1 wt% gels of 1 mg·mL
-1
 CD solutions in the 
absence of the ionic liquid are shown in Fig. 7. The ionic liquid itself is 
also fluorescent, complicating the spectra; however, the marked emission 
enhancement is also evident in the ionic liquid CD–gel hybrid materials, 
Fig. S2. The hydrophobic nature of the gels is likely to significantly 
reduce solvent quenching and the fact that the emission enhancement is 
so marked suggests significant interaction between the gel fibres and the 
CDs in a synergistic way, consistent with the marked effect the CDs have 
on the gelation properties. 
The high intensity fluorescence of these novel CD gel hybrids and 
the possibility of tuning the properties of the materials by modification of 
the gelator, imidazolium cation and the size and surface functionality of 
the CDs offers interesting possibilities for their application as 
luminescent sensors, e.g. as environmental nanoprobes. CDs have been 
shown to be an excellent sensing platform for heavy metals [63-64], and 
the interaction of metal ions with the CD surface functionality may well 
be significantly influenced by the inclusion of the CDs within a LMWG 
hydrogel medium. In order to establish the feasibility of heavy metal 
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sensing using hybrid CD gels the effect of added lead(II) and mercury(II) 
on the PL of the new hybrid gel system was investigated. 
 
Fig. 7 (a) a-, c-, p- and t-CD gels 1 wt% under 365 nm UV irradiation.(b) Fluorescence 
emission spectra of aqueous CD solutions (1 mg·mL
-1
, λex= 365 nm for c-CDs and 370 
nm for the others) and for 1 wt% CD-gels with 1a at the same CD concentration. Slits 
at 2 nm. 
 
The fluorescence of aqueous p-CD, t-CD and a-CDs solutions is 
moderately quenched by 10 mg·mL
-1
 of Hg
2+
 and Pb
2+
 (I0/I= 1.1–1.25) 
while the luminescence of c-CDs is not affected. In the hybrid CD gel 
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system, in addition to the marked increase in overall PL intensity, the 
response to Hg
2+
 and Pb
2+
 changes differentially. The response to Pb
2+
 of 
the gels containing p-CDs and t-CDs is markedly attenuated such that the 
luminescence is essentially unaffected, whereas the system containing the 
a-CDs exhibits a marked enhancement in its Pb
2+
 response in the gel 
phase (I0/I increases from 1.13 to 1.32), Fig. 8. In contrast the a-CD gel 
exhibits essentially no response to Hg
2+
. This differential behaviour 
suggests that the CD gels may provide a basis for discriminating closely 
related heavy metal ions in the environment. As a control the metal ion 
response was also examined in CD solution in the presence of the gelator 
without gel formation. The presence of the gelator in solution had no 
effect on the t-CD response, attenuated the response of the a-CD system 
and enhanced the response of the p-CDs. The significant and differential 
difference in sensor behaviour in the gel state is an interesting 
phenomenon. To further probe selectivity the response of a-CD-
containing hydrogels (a-CDGs) as sensing probe towards a range of 
metal ions, namely Pb
2+
, Hg
2+
, Co
2+
, Fe
3+
 and Mg
2+
 was examined (Fig. 
S3). The system proved to be clearly Pb
2+
 selective in the hydrogel state. 
The a-CDGs thus represent a new format of selective sensor for the 
detection of lead(II). In future work we will systematically explore the 
fluorescent response of these novel hybrid nanomaterials to a broader 
range of analytes. A further interesting application platform could also 
involve the use of freeze dried hybrid CD hydrogels coated with TiO2 
allowing them to float on water as reporter medium [67].  
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4. CONCLUSIONS  
Inclusion of luminescent carbon dots within a hydrophobic low 
molecular weight hydrogel results in a dramatic enhancement of their 
luminescence intensity as well as an unexpected strengthening of the gels 
and marked increase in their rate of self-assembly. In the gel phase the 
CDs exhibit a differential photoluminescent response to the presence of 
heavy metal ions. The novel hybrid CD–gel nanostructures reported 
herein offer interesting potential as highly tunable luminescent media 
with possible applications in environmental and biomedical heavy metal 
ion sensing. The potential biocompatibility of these nanostructures which 
are derived from non-toxic precursors may open a window for their use 
in medical applications such as diagnosis, drug activation or slow release. 
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6. SUPPORTING INFORMATION 
 
Figure S1. Fluorescence emission spectra of aqueous CD solutions (1 mg·mL
-1
, 𝜆ex = 
365 nm for c-CD and 𝜆ex = 370 nm for the others). 
 
 
Figure S2: Fluorescence emission spectra of aqueous CD solutions (1 mg·mL
-1
, ex = 
365–370 nm) containing 1 wt% CD-gels with 1a at the same CD concentration and 2% 
1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4). 
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Figure S3. Photoluminescent response to 10 μg·mL-1 of metal ions to a-CD solutions in 
the presenceof dissolved gelator (1 mg·mL
-1
) and a-CD-containing hydrogels (a-CDGs) 
at 𝜆ex = 370 nm and 𝜆em =445 nm. 
 
 
Figure S4. SEM micrograph of the chromium-coated xerogel of 1a 1 wt%. 
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Figure S5 hydrogel of gelator 1a at 2 wt% after standing for 1 day. 
 
 
 
Figure S6 a-, c-, p- and t-CD gels under ambient lighting, corresponding to Figure 6a 
in the main paper. 
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Solvent 30 mins 4 hours 24 hours 48 hours 72 hours 
1,2,4-trichlorobenzene S S S S S 
1,2-dibromoethane PG PG S S S 
2-butanone G CG CG CG CG 
1,2-dichlorobenzene PG PG PG PG PG 
1,3-dichlorobenzene S S S S S 
1,4-dioxane G G G G CG 
1-butanol S S G G G 
1-pentanol G G G G G 
1-propanol G G G G G 
2-butanol G G G G G 
2-Ethyl pyridine G G G G G 
2-Picoline G G G G G 
2-propanol G G G G G 
3-chloro-1-propanol G G G G G 
3-Picoline G G G G G 
4-Ethyl pyridine G G G G G 
4-Picoline G G G G G 
Acetic acid S G G G G 
Acetone G CG CG CG CG 
Acetonitrile G CG CG CG CG 
Benzene I I I I I 
Benzyl alcohol G G G G G 
Chlorobenzene I I I I I 
Chloroform P P P P P 
Cyclohexane I I I I I 
Cyclohexanone PG PG PG PG P 
Cyclopentanone G G G G G 
Dichloromethane PG PG G G G 
Diethyl ether I I I I I 
Diethylene glycol S S S S S 
Diisopropyl ether I I I I I 
Dimethylacetamide S S S S S 
DMF G G G G G 
DMSO S S S S S 
Ethanol G G G G G 
Ethyl acetate I I I I I 
Ethylene glycol S S S S S 
Ethylene glycol butyl ether G G G CG CG 
Hexane I I I I I 
Mesitylene I I I I I 
Methanol P P P P P 
Nitrobenzene G G G G G 
Nitromethane S S G G CG 
o-xylene I I I I I 
p-xylene I I I I I 
Pyridine G G G G G 
THF I I I I I 
Toluene I I I I I 
Triethylene glycol S S S S S 
Water S S S S PG 
Table S1. Gelation behaviour of 1a as a function of time. The compound (1 wt%) 
was dissolved in the relevant solvent at elevated temperature and allowed to cool to 
ambient temperature on the bench top. Categories are self-supporting gel 
according to the inversion test (G) partial gel formation (PG), collapsed gel (CG) 
solution (S), rapid precipitate formed from solution (P), insoluble (I). All 
experiments used increased temperatures to form gels. 
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Solvent 30 mins 4 hours 24 hours 48 hours 72 hours 
1,2,4-trichlorobenzene I I I I I 
1,2-dibromoethane I I I I I 
2-butanone I I I I I 
1,2-dichlorobenzene I I I I I 
1,3-dichlorobenzene I I I I I 
1,4-dioxane I I I I I 
1-butanol S S G G G 
1-pentanol S S G G G 
1-propanol S S S S PG 
2-butanol S S S S PG 
2-Ethyl pyridine G G G PG PG 
2-Picoline S S S PG PG 
2-propanol S S S S PG 
3-chloro-1-propanol I I I I I 
3-Picoline G G G G G 
4-Ethyl pyridine S S G G G 
4-Picoline S S S S PG 
Acetic acid PG PG PG PG CG 
Acetone I I I I I 
Acetonitrile I I I I I 
Benzene I I I I I 
Benzyl alcohol G G G G G 
Chlorobenzene I I I I I 
Chloroform I I I I I 
Cyclohexane I I I I I 
Cyclohexanone S S S S PG 
Cyclopentanone I I I I I 
Dichloromethane I I I I I 
Diethyl ether I I I I I 
Diethylene glycol G G G G G 
Diisopropyl ether I I I I I 
Dimethylacetamide S S S S S 
DMF S S S S S 
DMSO S S S S S 
Ethanol G G G G G 
Ethyl acetate I I I I I 
Ethylene glycol G G G G G 
Ethylene glycol butyl ether S S S S PG 
Hexane I I I I I 
Mesitylene I I I I I 
Methanol PG PG PG PG PG 
Nitrobenzene I I I I I 
Nitromethane I I I I I 
o-xylene I I I I I 
p-xylene I I I I I 
Pyridine G G G  G G 
THF PG PG PG G G 
Toluene I I I I I 
Triethylene glycol G PG PG PG PG 
Water I I I I I 
Table S2. Gelation behaviour of 1b as a function of time. The compound (1 wt%) 
was dissolved in the relevant solvent at elevated temperature and allowed to cool to 
ambient temperature on the bench top. Categories are self-supporting gel 
according to the inversion test (G) partial gel formation (PG), collapsed gel (CG) 
solution (S), insoluble (I). All experiments used increased temperatures to form 
gels. 
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Solvent 30 mins 4 hours 24 hours 48 hours 72 hours 
1-propanol G G G  CG  CG  
2-Ethyl pyridine PG PG PG  PG PG 
2-Picoline PG G G G G 
3-chloro-1-propanol PG G G  G G 
3-Picoline G G G  G G 
4-Ethyl pyridine G G G  G G 
4-Picoline G G G  G G 
Ethanol G CG CG  CG CG 
Acetone G G CG CG CG 
Methanol PG PG PG PG PG 
Pyridine G G G  G G 
Table S3. Gelation experiments carried out on compound 1a recorded at various times 
listing whether gels formed (G), a partial gel formed (PG), a collapsed gel was 
observed (CG) or a solution was observed (S). All experiments were carried out using 
only sonication as a mechanism to induce gelation. 
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Solvent 30 mins 4 hours 24 hours 48 hours 72 hours 
1,2,4-trichlorobenzene S S S S S 
1,2-dibromoethane S S S S S 
2-butanone S S S S S 
1,2-dichlorobenzene S S S S S 
1,3-dichlorobenzene S S S S S 
1,4-dioxane S S S S S 
1-butanol S S S S S 
1-pentanol S S S S S 
1-propanol S S S S X 
2-butanol S S S S S 
2-Ethyl pyridine S S S S S 
2-Picoline S S S S S 
2-propanol S S S S S 
3-chloro-1-propanol S S S S S 
3-Picoline S S S S S 
4-Ethyl pyridine S S S S S 
4-Picoline S S S S S 
Acetic acid S S S S S 
Acetone I I I I I 
Acetonitrile I I I I I 
Benzene I I I I I 
Benzyl alcohol S S S S S 
Chlorobenzene I I I I I 
Chloroform I I I I I 
Cyclohexane I I I I I 
Cyclohexanone S S S S S 
Cyclopentanone S S S S S 
Dichloromethane I I I I I 
Diethyl ether I I I I I 
Diethylene glycol S S S S S 
Diisopropyl ether I I I I I 
Dimethylacetamide S S S S S 
DMF S S S S S 
DMSO S S S S S 
Ethanol S S S S S 
Ethyl acetate I I I I I 
Ethylene glycol S S S S S 
Ethylene glycol butyl ether S S S S S 
Hexane I I I I I 
Mesitylene I I I I I 
Methanol S S S S S 
Nitrobenzene S S S S S 
Nitromethane S S S S S 
o-xylene I I I I I 
p-xylene I I I I I 
Pyridine S S S S S 
THF I I I I I 
Toluene I I I I I 
Triethylene glycol S S S S S 
Water S S S S S 
Table S4. Solubility studies of 2a as a function of time. The compound (1 wt%) was 
dissolved in the relevant solvent at elevated temperature and allowed to cool to 
ambient temperature on the bench top. Categories are solution (S), insoluble (I) 
crystals formed (X). 
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Solvent 30 mins 4 hours 24 hours 48 hours 72 hours 
1,2,4-trichlorobenzene I I I I I 
1,2-dibromoethane I I I I I 
2-butanone I I I I I 
1,2-dichlorobenzene I I I I I 
1,3-dichlorobenzene I I I I I 
1,4-dioxane I I I I I 
1-butanol S S S S S 
1-pentanol S S S S S 
1-propanol S S S S S 
2-butanol S S S S S 
2-Ethyl pyridine S S S S S 
2-Picoline S S S S S 
2-propanol S S S S S 
3-chloro-1-propanol S S S S S 
3-Picoline S S S S S 
4-Ethyl pyridine S S S S S 
4-Picoline S S S S S 
Acetic acid S S S S S 
Acetone S S S S S 
Acetonitrile S S S S S 
Benzene I I I I I 
Benzyl alcohol S S S S S 
Chlorobenzene I I I I I 
Chloroform I I I I I 
Cyclohexane I I I I I 
Cyclohexanone S S S S S 
Cyclopentanone S S S S S 
Dichloromethane I I I I I 
Diethyl ether I I I I I 
Diethylene glycol S S S S S 
Diisopropyl ether I I I I I 
Dimethylacetamide S S S S S 
DMF S S S S S 
DMSO S S S S S 
Ethanol S S S S S 
Ethyl acetate I I I I I 
Ethylene glycol S S S S S 
Ethylene glycol butyl ether S S S S S 
Hexane I I I I I 
Mesitylene I I I I I 
Methanol S S S S S 
Nitrobenzene I I I I I 
Nitromethane I I I I I 
o-xylene I I I I I 
p-xylene I I I I I 
Pyridine S S S S S 
THF S S S S S 
Toluene I I I I I 
Triethylene glycol S S S S S 
Water I I I I I 
Table S5. Solubility studies of 2b as a function of time. The compound (1 wt%) was 
dissolved in the relevant solvent at elevated temperature and allowed to cool to 
ambient temperature on the bench top. Categories are solution (S), insoluble (I) 
crystals formed (X). 
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BLOQUE III 
 
CARBON (QUANTUM) DOTS 
COMO HERRAMIENTAS 
ANALÍTICAS 
 
CARBON (QUANTUM) DOTS  
AS ANALYTICAL TOOLS 
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ccording to the role played by the NPs in the 
analytical process, two classical facets can be 
distinguished (as the tool and the target analyte). 
During the thesis working period, carbon (quantum) dots were used 
exclusively as analytical tool and were not considered as the target 
analyte, as illustrated in Figure III.1. 
 
Figure III.I. Carbon (quantum) dots in the analytical process 
 
The focus of this chapter is on the nature of the sensing nanotools 
based on carbon (quantum) dots; in particular in organic solvent, aqueous 
solution and gel phase, for the direct determination of a variety of target 
analytes. Therein, we introduced the different sensing nanotools, their 
main characteristics as well as their applicability for particular analytical 
problems covering in detail the strategies, mechanisms and figures of 
merit of the proposed methods.  
 
 
A 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
212 
  
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
213 
 
III.1. Sensor fluorescente en 
medio orgánico 
 
III.1. Fluorescent sensor in 
organic media 
 
 
Graphical Abstract Analytical Chemistry (accepted with revision). 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
214 
Highlights 
o Synthesis of photoluminescent N-doped CNDs from a single-
source precursor. 
o Hydrophobic CNDs with one of the highest Quantum Yield, 
being 78 %. 
o Sensing in organic media of nitroaromatic explosives using N-
doped CNDs. 
o Validation of the proposed method in soil samples. 
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Abstract 
The most relevant contributions of this paper are as follows. First, 
photoluminescent nitrogen-doped carbon nanodots (N-doped CNDs) 
soluble in organic media are synthesized in an one-step synthesis from a 
single-source precursor (an amphiphilic polymer), which exhibit a very 
high highest Quantum Yield (QY = 78 %), excitation wavelength-
dependent emission and upconversion emission properties. Second, the 
evolution of N-doped CND formation is studied via ultraviolet–visible 
and photoluminescence spectroscopy.  Third, their analytical application 
as effective sensor for the direct determination of nitroaromatic 
explosives and by-products is shown based on their selective response 
via fluorescence quenching mechanism. The proposed method was 
validated in soil samples by directly using the sensor in organic media 
Accepted with revision  
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without any further treatment or additional functionalization, which is an 
interesting aspect for practical applications. 
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1. INTRODUCTION 
 A special form of carbon exhibiting fascinating properties are 
carbon-based fluorescent dots which encompasses a series of spherical 
and single-sheet carbogenic nanoparticles which are carbon nanodots 
(CNDs), carbon quantum dots (CQDs) and graphene quantum dots 
(GQDs) [1].
 
Great efforts have been made to prepare them with the 
desired size, shape, and even physicochemical properties, but it is still a 
challenge to get a perfect control over all these properties. Generally, 
spherical carbon-based dots, which are frequently referred to as Carbon 
Dots (CDs or C-dots), can be synthesized through a vast number of 
methods from molecules, polymers, and even carbogenic particles [2-5].
 
Most of them are characterized by low toxicity, biocompatibility, 
chemical inertness, water-solubility, and non-photoblinking, but 
unfortunately they usually have low Quantum Yield (QY) [5-6].
 
On the 
one hand, several strategies of surface passivation have been proposed to 
enhance their photoluminescence (PL), including the surface reduction 
[7],
 
introduction of carboxylic groups [8],
 
doping with inorganic salts 
(ZnO and ZnS) [9],
 
capping with organic polymers [10-11],
 
and doping 
with heteroatoms (i.e. nitrogen, sulfur, magnesium) [12-13]. This last 
approach seems to be the most interesting, as usually it allows for higher 
improvement in QY. Most of the reported C-dots are hydrophilic in 
nature, and thanks to their mentioned properties, they are being 
extensively used in sensing [2,14-15] and bioimaging [5,16-17].
 
On the 
other hand, few methods to obtain hydrophobic CNDs are known [28-
21]. Hereby those reporting the use of polymeric precursors are of special 
interest, which however have been demonstrated only recently from a 
few groups [21-23].
 
While starting from polyethylene glycol (PEG) only 
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hydrophilic CNDs were achieved [22-23],
 
others reported a microwave 
synthesis of hydrophobic CNDs by using a polyoxyethylene-
polyoxypropylene-polyoxyethylene (PEO-PPO-PEO) block co-polymer 
pluronic F-68, but unfortunately with a low QY of only 7 % [21].
 
Surprisingly, none of these reported hydrophobic CNDs have been 
exploited for analytical applications. Therefore, the motivation of the 
present work is not only to contribute to the development of new 
synthetic approaches of highly photoluminescent hydrophobic CNDs, but 
also to go a step further exploring their analytical applicability.  
 In the analytical field, the relevance of the nitroaromatic 
compounds is well-known, because of their wide use in chemical 
industry (e.g. manufacture of pesticides, explosives, dyes, plastics and 
pharmaceuticals). Owing to their toxicity [24]
 
they are registered on the 
in U.S. Environmental Protection Agency's list of priority pollutants for 
environmental remediation [25],
 
since they pollute lakes, rivers, ground 
water and soils, especially in the vicinity of mines and industrial sites 
[26].  Among the current methods for explosive detection, fluorescence-
based chemical sensors have received considerable attention due to their 
high sensitivity and detection simplicity [27]. Fluorescent nanodots, such 
as GQDs [28], semiconductor quantum dots [29],
 
C-dots [30],
 
P-doped 
CDs [31], or nanohybrids of them [32] have been employed as optical 
probes to detect nitroaromatic explosives based on several mechanisms, 
such as Förster resonance energy transfer (FRET), photoinduced 
electron transfer (PET), and charge transfer (CT). 
 Herein, we report a simple approach to synthesize hydrophobic 
photoluminescent N-doped CNDs by using an amphiphilic polymer 
containing nitrogen as single-source precursor through a single-step 
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thermal carbonization process. With the aim of demonstrate the analytical 
applicability of the as-synthesized N-doped CNDs, we develop a method 
for the detection of 2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene 
(2,4-DNT) and its related by-products (mono- and di- nitroaromatic 
compounds) in soil samples, taking advantage of their hydrophobic 
character to remove potential interferences by a solid-liquid extraction 
procedure and direct detection in organic media. 
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2. EXPERIMENTAL SECTION 
2.1. Reagents and materials 
 Chloroform and ethanol (99 %) were purchased from PANREAC, 
S.A.U. (Barcelona, Spain). 1-octadecene (90 %), toluene (99.8 %), 
tetrahydrofuran (THF, 99.9 %), dimethyl sulfoxide (DMSO, 99.7 %), 
hexane (95 %), diethyl ether (99.7 %) and acetonitrile (MeCN, 99.8 %) 
were obtained from Sigma–Aldrich (Madrid, Spain). 2,4-trinitrotoluene, 
2,6-nitrotoluene (2,6-DNT) and 2,4,6-trinitrotoluene (all three 
compounds of 1000 mg·mL
-1
 in MeCN, purity 99 %) were purchased 
from SupelCo (USA). 3-nitrotoluene (3-NT, 99 %), 2-nitrotoluene (2-NT, 
99 %), 1,3-dinitrobenzene (1,3-DNB, 97 %) and 1,4-dinitrobezene (1,4-
DNB, 98 %) were purchased from Sigma–Aldrich (Madrid, Spain). All 
reagents were of analytical grade and used as received. The polymer used 
as precursor material was dodecyl-grafted-poly(isobutylene-alt-maleic-
anhydride) (in the following referred to as PMA), synthesized according 
to previously published protocols [33-34].
 
It is based on a backbone of 
poly(isobutylene-alt-maleic anhydride), functionalized with 75 % of the 
anhydride rings linked with dodecylamine, yielding dodecylamine 
hydrophobic side chains through formation of amide bonds upon reaction 
with the maleic anhydride rings. A soil standard reference material (NIST 
SRM 1941a) was used for the application. 
 
2.2. Instrumentation 
 Fluorescence emission and absorption spectra were recorded on a 
PTI QuantaMaster™ spectrofluorometer (Photon Technology 
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International), equipped with the model 814 PMT detection system. The 
instrument is equipped with a 75 W Xenon short arc lamp (for the 
fluorescence measurements) and a deuterium/halogen light source (for 
the absorption measurements). Felix 32 software was used to collect and 
process the fluorescence data. All optical measurements were made at 
room temperature, using micro quartz cuvettes of 10 mm light path. Both 
slit widths at emission and excitation were set 3 nm unless otherwise 
indicated. IR spectra were recorded with a Tensor 27 FT-MIR 
spectrophotometer equipped with a Hyperion 2000 microscope, using 
KBr pellets prepared from the samples.  
 The diameters of the as-prepared CND dispersions in chloroform 
were measured in triplicate using a Zetasizer Nano ZSP. These 
calculations were preformed with a 633 nm laser, and a 173 degree 
scattering angle.  
 Elemental analyses were performed with a ThermoQuest Flash 
EA 1112 microanalyzer and HRTEM images were obtained with a Philips 
CM200. 
 
2.3. Synthesis of N-doped CNDs 
 N-doped CNDs were synthesized from PMA polymer as single-
source precursor as follows: 1 mL of PMA in 15 mL 1-octadecene (0.5 M 
monomer concentration, 0.5 mmol) were mixed into a three-neck flask 
under reflux conditions (220 ºC) for 8 h. The visual appearance of the 
final mixture reaction indicated a brownish solution of hydrophobic 
nanoparticles and the presence of a hydrophilic residue. Different 
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aliquots were taken at different times to study the formation process of 
the N-doped CNDs. These aliquots were diluted with 1 mL of chloroform 
and subjected to a purification procedure in order to remove both 1-
octadecene and the residual polymer. Thus, each aliquot was washed 
twice of its volume with ethanol obtaining an emulsion, and centrifuged 
(3000 rpm, 5 min) for separating and removing the ethanol phase. This 
washing procedure was repeated twice and the resulting organic aliquot 
was diluted with chloroform up to a final volume of 1 mL and stored in 
darkness for their posterior use. 
 
2.4. Optimization of the organic solvent and dilution 
 Chloroform, toluene, tetrahydrofuran, dimethyl sulfoxide, hexane 
and diethyl ether were used as organic solvents to study their influence in 
the fluorescence intensity and maximum fluorescence wavelength of N-
doped CNDs (see Figure S4). Once selected the chloroform as the best 
solvent, the optimization of the dilution of N-doped CNDs was carried 
out. 
 
2.5. Quantum yield determination 
 The QY of N-doped CNDs (78%) dispersed in cyclohexane was 
measured using anthracene in cyclohexane as the standard (QYR = 0.36) 
[35].
 
QY value was calculated using the next equation: 
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𝐐𝐘 = 𝐐𝐘𝐑 ·
𝒎
𝒎𝑹
·  
𝐧𝟐
𝒏𝑹
𝟐  
where n is the refractive index, m is the slope of the plot of integrated 
fluorescence intensity versus absorbance of N-doped CNDs and mR is the 
slope obtained for anthracene. Figure S1 shows the plot of fluorescence 
versus absorbance for N-doped CNDs and anthracene, both with 
R
2
=0.99. 
 
2.6.  Analytical procedure for nitroaromatic determination 
 Standard solutions of the nitroaromatic compounds were prepared 
at different concentrations in chloroform. The determination of 
nitroaromatic compounds were carried out by fluorescence measurements 
thanks to the quenching response observed when these analytes interact 
with the N-doped CNDs. The calibration curves were determined for the 
two most used nitroaromatic compounds as explosives, i.e. 2,4,6-
trinitrotoluene (TNT) and 2,4-dinitrotoluene (2,4-DNT). Increasing 
concentrations of each explosive (5-50 µg·mL
-1
) were added to a 
constant concentration of N-doped CNDs, and the fluorescence was 
recorded at room temperature after 5 min of mixing to ensure complete 
interaction. The quenching response of N-doped CNDs was described 
using the Stern-Volmer equation (I0/I = 1 + Ksv [analyte]), where I0 and I 
are the fluorescence intensities in absence and in presence of the analyte. 
Additionally, the response of other nitroaromatic compounds were also 
evaluated at a given concentration (50 µg·mL
-1
), as they are commonly 
present as impurities or formed as by-products due to photochemical or 
microbiological processes. 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
224 
2.7. Analysis of soil samples  
 A reference material of soil (NIST SRM 1941a) was used for the 
preparation of spiked samples. Homogenized soil samples (1 g) were 
weighed into vials and spiked with the standard solutions of TNT or 2,4-
DNT at three concentration levels (0.5, 3, and 10 μg∙mL−1). After spiking, 
the soil samples were placed in a fume hood to allow the solvent to 
evaporate and were then allowed to stand for at least 1 h, as stated in 
previous reports [36-37], to ensure the complete interaction of the 
analytes with the matrix of the sample. 
 Extraction of TNT and 2,4-DNT from soils was carried out 
following a simple procedure: 1 g of soil was extracted with 2 mL of 
MeCN by placing in a temperature-controlled sonic bath at 20 °C and 
extracted for 30 min. After that, the mixture was centrifuged at 10000 
rpm for 5 minutes to pellet the soil particles. The supernatant was 
collected and evaporated using a nitrogen evaporator. Finally, the residue 
of the soil extract was dissolved in 300 μL of the chloroform N-doped 
CNDs solution for its direct analysis. 
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3. RESULTS AND DISCUSSION 
3.1. Study of N-doped CND formation 
  Generally, carbogenic nanodot fabrication from molecular 
precursors includes the polymerization, decomposition, and 
carbonization of molecules. Normally this procedure occurs in 
aqueous media and therefore the final functional groups on the 
nanodot surface have a hydrophilic nature. However, in this case we 
carried out the transformation of the PMA polymer, which has an 
amphiphilic character, into hydrophobic CNDs through a single-
step reaction at temperatures higher than 200 ºC by using organic 
solvents such as DMSO or 1-octadecene.  Owing to the tedious 
purification and foul odor for CNDs obtained in DMSO, we decided 
to continue our investigations into the CND synthesis using 1-
octadecene as dispersion medium. 
  The formation of fluorescent CNDs was monitored by 
fluorescence spectroscopy, once checked that the original PMA 
polymer had no meaningful fluorescence. Moreover, it was found 
that PMA cannot be converted into CNDs under temperatures lower 
than 200 ºC. Only carbonization of PMA in organic solvents with 
very high boiling point leads to the formation of fluorescent 
nanodots via solvothermal reaction.  
  To gain more insight into the chemical transformation of the 
polymer into CNDs, an optical characterization of seven aliquots at 
different reaction time (30 min, 1 h, 2 h, 3 h, 4 h, 6 h, and 8 h) after 
purification were performed. There were clear differences in the 
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optical properties of the different aliquots as depicted in Figure 1 
and Table S1. 
 
Figure 1: Images of the aliquots at different reaction time under visible (A) 
and ultraviolet (B) lights. Changes of the absorption spectra (C), PL spectra 
(D), and the maximum PL wavelength with time (E). Please note that the 
spectra are normalized for an easier comparison. 
 
  Interestingly, the bright nanodots obtained in the course of 
the reaction displayed both common and specific spectroscopic 
properties. Common is the presence of a single strong absorbance in 
the ultraviolet range, which is often assigned to the presence of 
C=N bonds and their n-π* transition (see Figure 1C). This 
absorbance was not observed in the original polymer. However, the 
increasing of time led to a continuous red-shift and broadening of 
the absorption band in the range of 360 to 405 nm, which is in 
agreement with the observed change from yellow to brownish color.  
  In addition, all species exhibited fluorescence features, 
whereby the emission maxima at their wavelength of maximum 
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absorbance shifted to longer wavelengths (from 448 to 480 nm with 
an average width of 85 nm), as depicted in Figure 1D. However, no 
longer evolution of the reaction took place after 6 h, as the 
absorption and emission features remained constant in the last two 
aliquots (see Figures 1E and S2). 
 
Figure 2: Size distribution of N-doped CNDs measured in chloroform, calculated 
from the intensity weighted distribution. Z-average of 4.7 nm. 
 
  These findings are in accordance to the increase of the 
nanoparticle size found versus reaction time using the particle size 
analyzer. Aliquots 1 (after 30 min of reaction) and 3 (after 2 h of 
reaction) exhibit 3.4 and 4.3 nm of Z-average size values for the 
particle diameter in solution, respectively. However, at the arranged 
stage (after 6 h of reaction), larger CNDs are formed with size of 
4.7 nm of diameter, as depicted in Figure 2. Thus, the N-doped 
CNDs were collected and purified after 6 h of reaction. According 
to these findings, from the first few minutes of reaction tiny 
photoluminescent nanodots may be expected to form and 
subsequently grow until they reached their final size within 6 h. 
TEM images of N-doped CNDs after 6 h of reaction were 
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performed to corroborate their average size bellow 10 nm, as 
depicted in Figure S3.  
  As PMA contains nitrogen atoms, Kaiser test experiments, 
elemental analysis, and Fourier transform infrared spectroscopy 
(FTIR) were performed to know if there were nitrogen atoms in the 
CND structure. Data revealed the absence of free amine groups at 
the CND surface in both aliquots 3 and 7. Elemental analysis 
showed a content of 0.11 % of N for CNDs whereas PMA presented 
3.5 % of N. Furthermore, Infrared (IR) curves for both aliquots 
were identical and lacked of stretching N-H vibrations, but 
exhibited a weak stretching band of C=N at 1641 cm
-1
, as depicted 
in Figure S4. 
  Mechanistically, thermal carbonization of PMA at 220 ºC 
started with a first path of dehydration, similar to reported works 
using polymers. Then, thermal carbonization led to a fast nucleation 
and following formation of the carbogenic cores in the first 30 
minutes. Consequently the emission features observed from that 
point may possibly be due to the presence of the carbogenic cores 
of small size, since free molecular fluorophore fragments were 
removed during the purification step. After several hours, owing to 
further carbonization as depicted in Figure 3, variation in the size of 
the fluorescent nuclei is expected as a result of the sequentially red-
shifted emission observed. After 6 h, no more growth of the 
nanoparticles was observed, the last two aliquots (6 and 7) showed 
the same size and identical absorption and PL features. This was 
probably because of the complete consumption of the polymer 
precursor. Therefore, the reaction was stopped at 8 h, and at that 
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point N-doped CNDs with a hydrodynamic diameter of 4.7 nm in 
solution and hydrophobic character were obtained.  
 
Figure 3: Scheme of the proposed mechanism of formation of N-doped CNDs. 
 
3.2. Characterization of N-doped CNDs 
  N-doped CNDs of 4.7 nm of diameter in solution exhibit a 
very low content of N (0.11 %), in contrast to other reports in which 
the N-doped C-dots shows values ranging from 2 to 18 % of N 
[13,38-41].
 
The variation in the elemental composition of the 
starting and final material (from PMA to CNDs) shows that the 
evolution of the H/C and O/C atomic ratios follows the path of 
dehydration during the carbonization process.  
  In addition, the spectral differences of PMA and CNDs can 
be clearly seen in Figure 4A. A considerable reduction of the 
characteristic absorption bands for O-H (H-bonded) stretching and 
C-O bending clearly reveals the dehydration process. In fact, the IR 
spectrum of CNDs displays strong bands at 2923 and 1852 cm
-1
 for 
C-H stretching, at 1379 cm
-1
 for CH2&CH3 deformation and at 720 
cm
-1
  for CH2 rocking of alkyl superficial groups. However, two 
weak bands at 1712 and 1641 cm
-1 
may be attributed to the 
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stretching vibrations of C=O and C=N groups, which are in 
accordance to their low proportion with respect the alkyl chains 
presence in the CND surface.  
 
Figure 4: IR curves for N-doped CNDs and its precursor PMA (A). 
Normalized excitation and emission (B) and upconversion PL (C) spectra of 
N-doped CNDs. 
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  Evaluation of the PL performance of the as-prepared 
hydrophobic N-doped CNDs in different organic media 
(chloroform, toluene, THF, DMSO, hexane and diethyl ether) were 
performed. As shown in Figure S5, the maximum PL intensity was 
achieved in chloroform at an excitation wavelength of 390 nm. An 
evaluation of the PL intensity of the CNDs with dilution was study 
and the optimal PL features were obtained (Figure 4B) for a dilution 
1:8 in chloroform. Furthermore, the QY of the as-prepared N-doped 
CNDs in this solvent was calculated to be 78 %, in the same order 
of semiconductor quantum dots. In fact, it is higher than the values 
of most reported doping-free and N-doped C-dots, and it could be 
considered as one of the highest QY of all the hydrophobic CNDs 
reported in literature. So far, the highest QYs reported are those for 
the hydrophilic N-doped [42] and Mg/N-doped [39] C-dots with 
values of 80 and 83%, respectively. Thus, the QY value is expected 
to be controlled by the synergy of multi-factors including the 
carbogenic core and the surface/molecular states. 
  Interestingly, the excitation-wavelength (λex) dependent PL is 
an interesting feature of many CNDs [4,43]
 
as this allows to tune 
the emission window from ultra violet to the near-infrared (NIR) 
region by varying the excitation from to visible light. Figure S6 
shows the 3D PL emission spectra of N-doped CNDs at different 
excitation wavelengths starting from 250 nm to 600 nm (in 10 nm 
increments), being the maximum PL intensity at 390 nm excitation 
wavelength. As it was expected, the emission wavelength of the N-
doped CNDs was strongly dependent of the excitation wavelength, 
observing a gradual red shifted emission together with a decreasing 
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PL intensity. Normally, excitation-dependent PL behaviors of 
CNDs may be due to particles of different sizes or presence of 
different surface defects [43]. 
  Additionally, the obtained N-doped CNDs exhibited 
upconversion PL properties, showing an emission peak at around 
500 nm, which slightly red-shifts and narrows as the excitation 
wavelength varies from 700 to 900 nm (Figure 4C). The intensity of 
the upconversion PL also depended on the excitation wavelength 
and the strongest signal was obtained upon excitation at 800 nm. 
This specific property of CNDs, which typically does not exist in 
other fluorescent nanoparticles such as semiconductor QDs, is of 
particular importance in bioimaging, as the excitation with lower-
energy light causes less damage to the living cells, but also in 
sensing for removal of many fluorescent interferences. 
  To test the photostability of the N-doped CNDs the PL 
intensity at the maximum emission (470 nm) was recorded during 1 
h under continuous illumination at 390 nm. As can be seen in 
Figure S7, after 1 h of continuous excitation, the N-doped CNDs 
showed no meaningful reduction in PL intensity, which is a very 
important point for practical uses for example in sensing, imaging, 
and photovoltaic applications. 
 
3.3. Sensing in organic media 
The sensing properties of N-doped CNDs were investigated with 
a wide variety of potential families, starting with those electron deficient 
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aromatic systems involving aromatic nitrogen heterocycles (atrazine) or 
aromatic compounds containing electron withdrawing functional groups 
such as nitro (nitrobenzene family) and chloride (chlorobenzene family, 
linuron, and diuron) groups, followed by those electron rich aromatic 
compounds containing electron donor groups (ibuprofen, ketoprofen). 
Interestingly, the as-prepared N-doped CNDs exhibited no PL response 
with the different families of compounds studied, except for those nitro-
aromatic systems. At first place we may assign that our N-doped CNDs 
are exclusively sensitive to the most electron deficient molecules studied 
as nitroaromatic compounds are. 
Two of the most used nitroaromatic compounds in explosive 
formulations are TNT and DNT. However, other nitroaromatic 
compounds are commonly present as impurities [44], or formed as 
photochemical or microbiological transformation products such as 
isomers of TNT and DNT, mononitrotoluenes and nitrobencenes [45].
 
The detection of these by-products is equally important, because they are 
also highly toxic. For that reason, instead of looking for selectivity 
towards a specific compound, a method able to detect the whole group of 
nitroaromatic compounds would be more desirable from a practical point 
of view. 
Generally, when it comes to the detection of nitroaromatic 
compounds in aqueous medium, the fluorescent NPs are usually 
functionalized with amine-groups on their surface, which allow for the 
formation of Meisenheimer complexes between nitro and amino groups 
[46]. 
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However, as our CNDs are hydrophobic, do not contain free 
amine groups on their surface (as demonstrated by FTIR and Kaiser test) 
and the interaction takes place in organic media, the most probable 
interaction of these N-doped CNDs seems to be with the nitro functional 
groups. The resulting complex leads to an effective PL quenching of the 
N-doped CNDs, probably by means of a photoinduced energy transfer 
(PET) process. Because PET is favored by the electronegative character 
of the nitro-aromatic compounds, it is expected to observe a correlation 
between the number of nitro functional groups and the PL quenching 
response. Thus, different nitro-aromatic molecules were evaluated 
(benzene ring containing one, two or three nitro functional groups). 
  The response of N-doped CNDs towards TNT, 2,4-DNT, 
2,6-DNT, 1,3-DNB, 1,4-DNB,3-NT, and 2-NT was studied and it is 
depicted in Figure 5A. A constant concentration (50 µg·mL
-1
) of 
each one were added to N-doped CNDs to study how the number of 
nitro groups affects the PL quenching. Results clearly indicate a 
correlation in the PL response with number of nitrogen functional 
groups in the benzene ring. Thus, the highest PL quenching was 
achieved for TNT, whereas the lowest PL quenching values 
corresponds to the benzene containing a single nitro functional 
group. Because of the electron acceptor characters of nitroaromatic 
molecules and the well-known dual electron donor-acceptor 
properties of carbon-based dots [47], these resulting effect may 
suggest a quenching mechanism via PET from the CND donor to 
the nitroaromatic acceptor systems. 
  To further evaluate the potential of N-doped CNDs for 
determining TNT and 2,4-DNT with the proposed methodology, the 
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PL changes in the presence of different concentrations of the 
selected explosives were investigated for getting a calibration curve. 
A linear response of (I0-I)/I versus the analyte concentration in the 
range of 5-50 µg·mL
-1 
was obtained (see Figure 5B). The quenching 
efficiency was fitted by the Stern-Volmer equations, being (I0-
I)/I=0.018x + 0.005 for TNT, and (I0-I)/I=0.009x + 0.023 for 2,4-
DNT, with a R
2 
>0.99 in both cases. The standard solutions were 
subjected to the whole analytical procedure as described in 
Experimental Section. The photoluminescent spectra of N-doped 
CNDs with the increasing concentrations (5-50 μg·mL-1) of TNT 
(A) and 2,4-DNT (B) are shown in Figure S8. 
 
Figure 5: PL quenching response of N-doped CNDs towards different 
nitroaromatic molecules (A) and the calibration curves for TNT and 2,4-DNT 
with error bars (B). 
 
  The sensitivity of the method was evaluated by determining 
the detection and quantification limits (LOD and LOQ). LOD, 
calculated as three times the standard deviation of the blank signal 
divided by the slope of the calibration curve, were 1.21 µg·mL
-1
 for 
TNT and 0.67 µg·mL
-1
 for 2,4-DNT. LOQ, established as 10 times 
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the standard deviation of the blank signal divided by the slope of 
the calibration curve, were 4.05 and 2.25 µg·mL
-1 
for TNT and 2,4-
DNT, respectively. 
  The above results demonstrated the potential of N-doped 
CNDs as fluorescent nanoprobes to detect TNT and 2,4-DNT. To 
further explore the practicability and feasibility of the N-doped 
CNDs as fluorescent probes, we analyzed the TNT and 2,4-DNT 
content in soils. 
Reference SRM soil samples were then spiked at three different 
concentrations of TNT and 2,4-DNT (0.5, 3 and 10 µg·g
-1
) and analyzed 
following the proposed methodology as described in Section 2.7. The 
obtained recoveries for TNT and 2,4-DNT were ranging from 72.6 to 
98.2 %, as illustrated in Table S2, indicating the usefulness of the 
proposed methodology for quick screening of the total index value of this 
toxic family in environmental samples. 
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4. CONCLUSION 
  This paper reports the synthesis of hydrophobic N-doped 
CNDs from the amphiphilic polymer PMA in an one-step approach. 
A decomposition and carbonization of the polymer PMA occurred 
at temperatures higher than 220 ºC with an evolution of increasing 
the nanoparticle size with time. The N-doped CNDs obtained have 
one of the highest QY report until now (78 %), even when the 
degree of doping is as low as 0.11% of nitrogen. We have 
demonstrated as these N-doped CNDs can be very promising as 
fluorescent sensors owing to its possibility of being directly used in 
organic media, which is the common medium after extraction 
techniques from complex matrix samples. In particular, we should 
emphasize the high selectivity of these N-doped CNDs towards 
nitroaromatic compounds, after a very broad screening of 
compound families. This feature has allowed for the development 
of a simple and fast selective sensor for the detection of 
nitroaromatic explosives and its related by-products. This high 
selectivity becomes a drawback when looking for sensing of other 
kind of analytes, although it can be solved by simply 
functionalization of CND surface with specific groups. Thus, this 
strategy provides a selective response to the analyte of interest. 
  Even if here we explored the potential of the obtained N-
doped CNDs for sensing applications, the combination of high QY 
together with their hydrophobic character may broaden their uses in 
industrial applications (e.g. antiwetting and self-cleaning surfaces) 
and in bioimaging (e.g. labeling hydrophobic microdomains in 
bacteria, hydrophobic cells structures). 
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6. SUPPORTING INFORMATION 
 
 
Figure S1: Calibration plot of photoluminescence versus absorbance for N-doped 
CNDs and anthracene (slit widths were set at 1.5 nm). 
 
 
Figure S2: Emission curve of the different aliquots at the maximum PL 
wavelength. 
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Figure S3: HRTEM image of N-doped CNDs after 6 h of reaction. 
 
 
 
Figure S4: FTIR spectra of aliquots 3 and 7 referred to the nanoparticle obtained after 2 
and 6 h of reaction. 
 
 
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
245 
 
Figure S5: PL study of N-doped CNDs in different organic solvents (λexc of 400 nm). 
 
 
Figure S6: 3D PL map of N-doped CNDs in chloroform at different excitation 
wavelengths starting from 310 nm to 600 nm (in 10 nm increments). 
 
Figure S7: Photostability curve of the N-doped CNDs under continuous irradiation for 1 
h (recorded emission at 470 nm under excitation at 390 nm). 
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Figure S8: PL spectra of N-doped CNDs with the increasing concentrations of TNT (A) 
and 2,4-DNT (B). The legend corresponds to the analyte concentration in μg·mL-1. 
 
 
Table S1: Absorption, PL excitation and emission maxima wavelengths and PL 
emission full-width at half-maximum (FWHM) of the different aliquots from the 
synthesis. 
Aliquot number 
(reaction time in 
h) 
λ absorption 
(nm) 
λ  excitation 
(nm) 
λ  emission 
(nm) 
FWHM 
(nm) 
1    (0.5) 362 365 451 86 
2    (1) 365 375 456 84 
3    (2) 370 390 459 82 
4    (3) 377 390 465 85 
5    (4) 397 390 471 85 
6    (6) 408 405 478 86 
7    (8) 408 405 478 85 
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Table S2: Determination of TNT and 2,4-DNT in spiked soil samples (n=3) at three 
different concentrations. 
Analyte 
Added 
(µg·g
-1
) 
Found (µg·g
-1
) 
Recovery 
(%) 
RSD 
(%) 
TNT 
0.5 0.39 72.6‒86.1 12.1 
3 2.81 92.0‒95.0 1.6 
10 9.01 98.2‒91.1 1.5 
2,4 -DNT 
0.5 0.44 82.1‒95.3 10.5 
3 2.56 79.1‒92.2 10.8 
10 9.11 90.5‒91.9 1.0 
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III.2. Sensor fluorescente en 
disolución 
 
III.2. Fluorescent sensor in 
aqueous solution 
 
 
Graphical Abstract Analytica Chimica Acta 804 (2013) 246– 251 
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Highlights 
o Passivation of CDs with acetone has not been described until 
now. 
o Highly improvement in luminescence of CDs when passivated 
with acetone is shown. 
o Carboxylic groups in surface of CDs may be responsible of PL 
features. 
o pH influences strongly the ability of CDs to detect different 
analytes. 
o A proposed method for determine two pollutants is presented. 
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Strong luminescence of Carbon Dots induced by acetone 
passivation: Efficient sensor for a rapid analysis of two 
different pollutants 
Angelina Cayuela, M. Laura Soriano, Miguel Valcárcel* 
Department of Analytical Chemistry, Marie Curie Building. Campus de 
Rabanales, University of Córdoba, E-14071 Córdoba, Spain 
 
Abstract 
The important photoluminescence enhancement found in Carbon 
Dots (CDs) obtained from carbonaceous nanomaterials when passivating 
with acetone is shown in this paper, in which this type of passivation has 
not been reported previously. Analytical fluorescent assays were 
performed with the selected CDs using two different pollutants as target 
analytes. The results show that the optimal conditions for detecting 2,4-
dinitrophenol (DNP) were at pH 3.5 while in case of 2-amino-3,4,8-
trimethyl-3H-imidazo[4,5-f]quinoxaline (4,8-DiMeIQx) were found at 
physiological pH. The fascinating ability of CDs to interact with certain 
molecules under certain conditions gave rise to explore some useful 
applications for a quick detection of contaminants by simply monitoring 
the photoluminescence of CDs as shown in this article. 
Analytica Chimica Acta 
804 (2013) 246– 251 
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1. INTRODUCTION 
The development of low-cost photoluminescent (PL) 
nanomaterials is growing exponentially in the last decades. Since the 
discovery of CDs with the purification of carbon nanotubes (CNTs) in 
2004 [1], these materials have evoked great interest among researchers as 
a consequence of their tunable PL properties, with dependence between 
emission wavelength and size attributed to the surface defects sites [2–7], 
mechanism that supports the fact that the smallest CDs with similar 
surface passivation have been found to be highly luminescent [8,9]. 
Few analytical applications for these carbonaceous nanomaterials 
had been described until now. Most authors have focused on the 
development of applications related to metal ions as analyte [10–13], 
specially, Hg(II) [14–16]. Other CDs applications are the determination 
of iodine [17-18], the detection of DNA [19] or Ru(bpy)3
2+
 species [20], 
and the exploitation of the ability of CDs to donate or accept electrons in 
aqueous solutions [4]. The interesting features of CDs gives rise to a 
multitude number of other analytical applications for the exploitation of 
this type of nanosensor against other substances.  
2,4-Dinitrophenol (DNP) is an anthropogenic substance 
extensively detected in industrial effluent steams. In addition, DNP had 
gained popularity for weight loss under a number of names such as 
weight loss/slimming aid. DNP has also been used as herbicide and as a 
photographic developing chemical, and its use has now resurfaced via the 
internet. Methods based on Spectrophotomety [21], GC/MS spectrometry 
[22] and electrochemical spectroscopy [23-24] have been used for the 
determination of DNP. Other family of pollutants found in industrial 
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waters and in well-fried meat and fish is heterocyclic amines, specially 
the carcinogenic 2-amino-3,4,8-trimethyl-3H-imidazo[4,5-f]quinoxaline 
(4,8-DiMeIQx). Chromatographic techniques like GC/MS [25], HPLC 
[26] or LC/MS [27] had been used for detecting this type of amine.  
However, the instrumentation mentioned before for the detection 
of both analytes is very expensive and unavailable in most of 
laboratories. Thanks to recent developments on nanotechnology, sensors 
like photoluminescent (PL) carbon nanoparticles could be an attractive 
alternative for an easy, cheap and effective determination of different 
types of analytes.  
This paper study the PL characteristics of CDs prepared from 
different precursors and passivated with acetone. Furthermore, the 
exploitation of the sensorial ability of CDs gives rise to an excellent tool 
for determining at certain conditions several targets such as carcinogenic 
substances by simply monitoring the fluorescence of CDs. The effect of 
pH, concentration of salts, and presence of other interferences were 
investigated. A developed method for determining DNP and 4,8-
DiMeIQx is presented.  
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2. EXPERIMENTAL 
2.1. Reagents and materials 
Sulfuric acid (95–98 %), nitric acid (69 %) and sodium hydroxide 
(98 %) were purchased from PANREAC, S.A.U. Barcelona, Spain; 2,4-
dinitrophenol (DNP, 95 %), m-nitrophenol (99 %), 2,5-dichlorophenol 
(98 %), o-xylene (99 %), m-xylene (99 %), pyrene (98 %), ethylamine 
(97 %), trimethylamine (99 %), histamine (99 %), tryptophan (98 %), 
citric acid monohydrate (99 %), phenylalanine-D (98 %), sodium 
carbonate (99.95 %), acetone (99.8 %) and quinine hemisulfate salt 
monohydrate (98 %) from Sigma–Aldrich, Madrid, Spain; 2-amino-
3,4,8-trimethyl-3H-imidazo[4,5-f]quinoxaline (4,8-DiMeIQx; 99 % 
HPLC) and 2-amino-3,8-dimethylimidazo [4,5-f]quinoxaline (MeIQx; 99 
% HPLC) from Toronto Research Chemicals inc., Toronto, Canada. All 
nanomateriales such as buckminsterfullerene (C60), single-wall carbon 
nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs) 
were purchased from Bayer. Ultrapure water used throughout all 
experiments was purified through a Millipore system. All reagents were 
used as received without further purification. 
 
2.2. Instrumentation 
The fluorescence emission and the absorption spectra were 
measured on a PTI QuantaMaster
TM
 Spectrofluorometer (Photon 
Technology International) equipped with a 75 W Xenon short arc lamp 
and the model 814 PMT detection system. The fluorescence decay of 
CDs was obtained with a picoseconds nitrogen laser, a wavelength 
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selector (using 2-[1,1-biphenyl]-4-yl-5-phenyl-1,3,4-oxadiazole as dye). 
A stroboscopic detector was coupled to a Czerny-Turner monochromator 
on the emission port. Felix 32 software was used for fluorescence data 
collection and analysis. This software was also used to control the whole 
instrument. All optical measurements were carried out in 1 cm quartz 
cuvettes under ambient conditions. Both slit widths at emission and 
excitation were set 3 nm unless otherwise indicated.  
Microscopy images were obtained using High Resolution 
Transmission Electron Microscope (JEOL JEM 2010), equipped with a 
point-to-point resolution of 0.194 nm, operating at a medium acceleration 
voltage of 200 kV. One drop of diluted solution of CDs (1:5, v/v) was 
deposited in a carbon grid and dry under vacuum for 4 h. 
Raman spectra were obtained by measuring the solid dry material 
onto a glass using a Nd-YAG laser of 532 nm and Infrared spectra were 
recorded using a Spectrophotometer FT-MIR Tensor 27 with a 
microscope Hypeion 2000 by preparing KBr pellets with the samples. 
Brantonic Ultrasonic 3510 (USA) with an output power of 100 W 
and a frequency of 42 kHz ±5 %, was used to disperse the carbon 
nanoparticles. A Centronic-BL II of Selecta was used for the 
centrifugation steps. A pH-meter Crison (Basic 20) was used to control 
the pH of all our experiments. 
 
2.3. Preparation of Carbon Dots  
CDs were synthesized from different nanomaterials (SWCNTs, 
MWCNTs and C60) using the top-down methodology. Carbonaceous 
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nanomaterials (0.2 g) were added to an acidic mixture of H2SO4/HNO3 
3:1 (v/v) (20 mL) and heated under refluxed conditions at 140 ºC for 7.5 
h. Then, the mixture was divided into two portions, one of which was 
treated with acetone (10 mL) while the other was not subjected to further 
treatment. Both portions were then left overnight. The CDs (raw-CDs 
and passivated-CDs) were collected by removing the large dots through 
centrifugation at 13000 rpm for 10 min and treated with sodium 
carbonate. Afterward, excess of NaNO3 and Na2SO4 was removed via 
crystallization by cooling down a solution containing ethanol and CDs in 
water. 
 
2.4. Fluorescence assay of different analytes 
The determination of different analytes was investigated at 
various pH values by monitoring the PL behavior of the passivated-CDs 
obtained from MWCNTs at room temperature.  
An optimized dilution of five-fold for CDs in aqueous solutions at 
different pH (0.1 M, citrate buffer solution at pH = 3.5 and ultra pure 
water at pH = 7) was used as stock solutions. 
2.4.1. Procedure 
For the evaluation of analytes as possible quenchers of the CDs 
fluorescence in aqueous solution, 955 µL of stock solutions (0.5 and 5.5 
mg·L
−1
) of each substance were added to 45 µL of CDs keeping constant 
the final volume to 1 mL. In the cases of DNP and 4,8-DiMeIQx, 
concentrations ranging upward from 0 to 14 mg·L
−1 
were measured to 
obtain the Stern–Volmer plot. 
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3. RESULTS AND DISCUSSION 
3.1. Fluorescence features of CDs prepared from different precursors 
and passivated 
The nanoparticles presented in this paper were obtained by 
chemical oxidation of the different precursors (SWCNTs, MWCNTs and 
C60) under acidic conditions at high temperatures. Tao and coworkers 
[28] have synthesized CDs from MWCNT and SWCNT as well but we 
have made some improvements such as reducing the reaction time and in 
the purification and passivation steps. Although most of authors purify 
nanoparticles by dialysis procedures, in these experiments the 
nanoparticles were purified by ultracentrifugation of the rusty residue 
obtained after the chemical reaction without any need of further 
purifications steps. As final result, the obtained low-luminescence raw-
CDs were very stable in aqueous solution at high ionic strength. 
As described in literature, the possibility of having different 
functional groups into the surface of CDs allows tuning their PL features 
in order to obtain higher quantum yield and narrower fluorescence 
(FHWM) band. For such purpose, several experimental tests were carried 
out using acetone as passivation agent to perform a modification in the 
surface of CDs. At high temperatures acetone is degraded to acetic acid 
and carbon dioxide [29] under acidic conditions allowing the introduction 
of carboxylic groups onto the surface of CDs. The emission spectra of 
raw-CDs (r-CDs) and passivated-CDs (p-CDs) are shown in Fig. 1. In 
general, a much higher and narrower fluorescence band appears for p-
CDs, being of particular relevance the case of MWCNTs, in which the 
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increment in the intensity was much more pronounced than expected 
because of the need of reducing the excitation and emission channels 
when recording the fluorescence spectrum. Therefore, it can be stated 
that acetone treatment provides a beneficial effect on fluorescence 
properties of CDs obtained from nanomaterials. 
 
Fig.1. Carbon Dots emission spectra obtained from different precursors (λex: 350 nm) in 
absence (A) and presence (B) of acetone. All measurements were performed at pH = 2 
and slit widths at emission and excitation set at 5 nm except for those passivated CDs 
obtained from MWCNTs at 3 nm for saturation of the signal. 
 
A preliminary study of the emission/excitation spectra shows that 
the best wavelength for excitation of the light-emitting CDs was 350 nm. 
This conclusion can be also inferred from Fig.S1, which shows the 
tridimensional-fluorescence maps of the different passivated-CDs. 
3.1.1. Optimized concentration of passivated-CDs.  
The dilution of CDs affects on the fluorescence intensity. Four 
dilutions of CDs in proportions 1:1, 1:5, 1:10 and 1:15 with ultra-pure 
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water and citrate buffer solution were investigated. In both cases, 
optimized dilutions of five-fold for CDs were observed and considered as 
stock solutions for their higher fluorescence intensity. 
3.1.2. Photoluminescence stability of passivated-CDs 
The stability of CDs was investigated under different conditions 
(sunlight exposure or by other environmental conditions). In general, 
CDs remain stable for long periods (one year). In addition, CDs are photo 
stable when they remain under continuous irradiation. No abnormalities 
in their fluorescence because of sunlight exposition were observed either. 
3.1.3. pH-dependence on the photoluminescent behavior of passivated-
CDs 
The influence of pH on the fluorescence activity of different CDs 
was also studied. Fig.S2a shows the pH-response of photoluminescence 
behavior of the different water-soluble CDs, in which the fluorescence 
generally tends to decrease when increasing the pH of the medium. No 
aggregation neither variation in the maximum emission wavelength was 
observed with the pH for p-CDs (Fig.S2b). 
3.1.4. Influence of the ionic strength on the CDs fluorescence 
In all cases the PL features of CDs were study varying the ionic 
strength of the media. In general, no significant effect on the fluorescence 
band of CDs in presence or absence of salt was found. 
It can be noticed from the results that passivated-CDs prepared 
from MWCNTs were the most interesting candidate as fluorescent probe 
due to their high fluorescence intensity and narrower emission band. 
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Quantum yield (QY) of 10 % were calculated using quinine 
sulfate in 0.1 M H2SO4 as reference [30-31], being higher than most of 
CDs published (0.1–3 %) [1, 32–35] included those obtained from 
MWCNTs [28]. An average lifetime () of 3.6 ns was found, as expected 
for Carbon Dots. 
 
3.2. Characterization of CDs obtained from MWCNTs as precursor 
The morphology of the mentioned-CDs was characterized by using high 
resolution transmission electron microscopy, as shown in Fig.2. Uniform 
and monodispersed CDs in water were found with an average diameter of 
ca. 3 nm (Fig.S3). 
 
Fig.2. High resolution TEM images of passivated-CDs obtained from MWCNTs. 
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Raman and Fourier Transform Infrared (FTIR) spectra confirmed 
that CDs have a graphitic structure containing oxygen functional groups 
(Fig.S4). 
In general, Raman spectra of different CDs show the typical peaks 
at 1593 cm
−1
 assigned as G band (related to the in-plane stretching 
vibrational mode E2g of graphite from the vibration of sp
2
-bonded 
carbon) and a broad D band around 1380 cm
−1 
(indicate the sp
3 
defects in 
the carbonaceous nanomaterials) as expected. The higher intensity of the 
G band over the D band indicates the graphitic carbon structure present 
in the CDs. 
In FTIR spectra the peaks at around 1720 and 1620 cm
−1 
are 
related to C=O and C=C stretching modes of carbonyl groups and 
aromatic hydrocarbons, respectively, while stretching mode of C-O 
appears at around 1150 cm
−1
. However, typical sp
3 
C-H stretching 
vibrational modes at 2978 cm
−1 
corresponding to alkanes groups can be 
found only in passivated CDs due to the attachment of any fragment of 
acetone molecules to the surface. On other hand, some peculiarities in the 
stretching mode region of alcohols, ν (O-H), can be noticed. Raw-CDs 
spectrum shows a sharp band at 3460 cm
−1 
characteristic for free alcohols 
while passivated-CDs exhibit very broad bands centered at 3410 and 
3151 cm
−1 
due to hydrogen-bonded O-H, typical of carboxylic groups. 
 
3.3. Reactivity and analytical potential 
One of the goals of this paper is to evaluate the analytical 
potential of Carbon Dots based on direct interactions with different 
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analytes. CDs prepared from MWCNTs and passivated with acetone 
were the most suitable candidate as sensitive fluorescence sensor. 
Specifically, the present research focused on the study of two different 
aromatic systems, DNP and 4,8-DiMeIQx (Fig.S5) with diverse 
functional groups able to establish weak interactions with the CDs 
surface. 
3.3.1. Quantitative assay of 2,4-dinitrophenol with passivated-CDs 
Photoluminescence of CDs decreases gradually with the 
concentration of DNP without observing any shift in the emission band 
owing to no alteration neither aggregation of the nanoparticles. The 
fluorescence quenching did not vary by changing the concentration of 
salts such as NaCl or KNO3 up to 2 M. The effect on pH was also 
investigated observing the highest fluorescence quenching at 3.5 (see 
Fig.3). The protonated DNP (pka 4.11) may interact with oxygenated 
surface of CDs by hydrogen bonded, causing quenching of fluorescence. 
At pH 7 a slight quenching is observed since the negative charged phenol 
might be repulsed by the negative charged surface of CDs. At basic pH 
the fluorescence intensity of CDs decreases significantly and studies of 
quenching were not investigated.  
As proposed in literature [4], the photoinduced electron transfer 
properties of CDs are strongly solvent polarity dependent.  
As supporting evidence, the quenching process was evaluated 
using solvents of different polarities (water, dimethylformamide, 
methanol). At high concentration of analyte, the quenching was 
significantly more efficient when the polarity of the solvent increases 
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(from methanol to dimethylformamide and to water), corroborating an 
electron transfer quenching mechanism. 
 
Fig.3. Influence of pH in the determination of 2,4-dinitrophenol and 2-amino-3,4,8-
trimethyl-3H-imidazo[4,5-f]quinoxaline by monitoring the photoluminescence of p-CDs. 
 
As a proof of the ability of CDs as PL-sensor to detect of DNP at 
pH 3.5, the straight-line calibration data set obtained according to the 
Stern–Volmer equation is shown in Fig.4a. From the linearity of the 
calibration graph, the limit of detection (LOD) of 0.4 mg·L
−1
, the limit of 
quantification (LOQ) of 1.32 mg·L
−1
, and a relative standard deviation 
(RSD) of 1.7% were obtained. 
The influence of similar organic compounds was also tested. If 
the presence of interferences altered the average quenching signal of 
DNP by less than ±5 %, we considered that caused no interference. 10-
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
264 
fold of dichlorophenols in absence or presence of DNP did not interfere 
on the fluorescence intensity, while m-nitrophenol interfered partially 
only when DNP is presence. For nitrophenol, the maximum interference 
level tolerated is 75 %. Results suggest a synergic effect between 
nitrophenol and DNP exhibiting an enhancement electron acceptor ability 
producing a strongest quenching of CDs through an electron-transfer 
process in which CDs act as electron donors [4]. However, electron-
donor aromatic systems like m-xylene, o-xylene and pyrene did not 
produce any change in the quenched signal. Deducing from the data, 
adsorption of π-deficient aromatic systems takes place only at lower pH 
values due to non-covalent interactions (hydrogen-bond) with surface of 
CDs. 
Under these considerations, the proposed method has certain 
resistance to some interference, indicating an improvement compared to 
other spectrophotometric methodology [21]. 
3.3.2. Determination of 2-amino-3,4,8-trimethyl-3H-imidazo[4,5-f] 
quinoxaline with passivated-CDs  
In general, some electron donor amines alter the PL intensity of 
CDs as previously described [4] only in organic solvents. However, an 
efficient fluorescence quenching by the heterocyclic amine 4,8-DiMeIQx 
was found in aqueous solutions.  The results indicate that fluorescence 
intensity of CDs also decreases with increasing concentration of 4,8-
DiMeIQx. The quenching effect of the pH-sensitive CDs against analyte 
is shown in Fig.3, observing a maximum response at physiological pH. 
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Fig.4. Quenching calibration plot of p-CDs with DNP (A) and 4,8-DiMeIQx (B), where 
I and I0 are the fluorescence intensities of CDs with and without analyte, respectively. 
 
Fig. 4b shows the Stern–Volmer plots of 4,8-DiMeIQx at two 
different pH values. As can be deduced from the data, the slope of 
calibration curve in neutral solutions is higher than in acid solutions 
indicating that the interaction between the analyte and CDs is stronger at 
physiological pH. Values of LOD and LOQ were 1.28 and 4.27 mg·L
−1
, 
respectively, with RSD of 1.7% when the experiments were taken place 
at physiological pH. No changes in the PL-behavior were observed at 
both pH values varying the ionic strength up to 2 M with NaCl and 
KNO3. 
To evaluate possible interferences a group of amines were 
considered (see Fig.S5) in the determination of 4,8-DiMeIQx at 
physiological pH. In general, aliphatic amine (ethylamine, 
trimethylamine, histamine), α-aminoacids (phenylalanine, tryptophan) 
and other heterocyclic amine (2-amino-3,8-dimethylimidazo[4,5-
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f]quinoxaline, MeIQx) did not alter the PL intensity of CDs in presence 
of the analyte. With the aim of simplifying the supplied information in 
the interaction between CDs and 4,8-DiMeIQx, we proceeded to perform 
the qualitative analysis of the quenching of the fluorescence of CDs 
(Fig.5). The study was performed for the expression of the precision 
because there are false data around the detection limit. Errors were 
expressed as false positives and negatives. The procedure involved the 
analysis of 10 replicates at 6 concentration levels, three concentrations 
were higher and other three were lower than the threshold limit (TL) 
value. We assume that TL value was equal to the detection limit (1.29 
mg·L
−1
). 
 
Fig.5. False positives and negatives in the determination of 4,8-DiMeIQx at 
physiological pH. 
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4. CONCLUSIONS 
Highly fluorescent CDs were obtained from MWCNTs and 
passivated with acetone with more intense and narrower fluorescence 
emission band, which results in narrower size-distribution and surface 
passivation of nanoparticles. In addition, their emission is strongly 
influenced by the pH of the media, being higher at lower pH. The role of 
acetone is to incorporate hydrogen-bonded carboxylic groups to the 
surface of CDs. Surface sensitive CDs thus obtained were ideal as 
environmentally-responsible nanosensor of contaminants in aqueous 
solutions. Interestingly, different behaviors were observed depending on 
the analyte and pH. It has been shown that fluorescence intensity of CDs 
is sensitive to the presence of 2,4-dinitrophenol at lower pH values. The 
π-deficient aromatic system was adsorbed on the CDs surface by 
presumably hydrogen bonds. In other hand, the detection of heterocyclic 
amine 2-amino-3,4,8-trimethyl-3H-imidazo[4,5-f]quinoxaline is also 
possible with this type of passivated CDs under physiological pH values. 
By modulating the surface of CDs with the pH, a proposed method for 
determining both analytes using p-CDs as nanosensor is described. 
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6. SUPPORTING INFORMATION 
 
Fig.S1 3D spectra of fluorescence emission/excitation of the Carbon Dots synthesized 
from: A) SWCNTs; B) MWCNTs, C) C60. All measurements were performed at pH 4.5 
with emission and excitation slit widths of 5 nm, except for MWCNTs in which 
saturation was observed and it was necessary to reduce them to 3 nm. 
 
 
Fig.S2. Influence of pH on the maximum PL intensity of CDs obtained from different 
precursor (A). PL profile of CDs synthesized from MWCNTs (B). λex: 350 nm and λem: 
370-650 nm. 
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Fig.S3. Size distribution of CDs obtained by MWCNTs passivated with acetone. 
 
 
Fig.S4. RAMAN spectra for CDs obtained with different precursors (A), FTIR spectra of 
CDs obtained from MWCNT before and after passivation with acetone (B). 
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Fig.S5. Chemical structure of the analytes and the interferences. 
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III.3. Hidrogeles como sensor 
fluorescente  
 
III.3. Hydrogels as fluorescent 
sensors 
 
 
Graphical Abstract Talanta 151 (2016) 100-105. 
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Abstract 
The paper reports for the first time the direct determination of 
silver ion (Ag
+
) using luminescent Carbon Quantum Dot hydrogels 
(CQDGs). Carbon Quantum Dots (CQDs) with different superficial 
moieties (passivate-CQDs with carboxylic groups, thiol-CQDs and 
amine-CQDs) were used to prepare hybrid gels using a low molecular 
weight hydrogelator (LMWG). The use of the gels results in considerable 
fluorescence enhancement and also markedly influences selectivity. The 
most selective CQDGs system for Ag
+
 ion detection proved to be those 
containing carboxylic groups onto their surface. The selectivity towards 
Ag
+
 ions is possibly due to its flexible coordination sphere compared 
with other metal ions. This fluorescent sensing platform is based on the 
strong Ag-O interaction which can quench the photoluminescence of 
151 (2016) 100-105 
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passivate-CQDs (p-CQDs) through charge transfer. The limit of 
detection (LOD) and quantification (LOQ) of the proposed method were 
0.55 and 1.83 µg·mL
-1
, respectively, being applied in river water 
samples. 
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1. INTRODUCTION 
Since the discovery of spherical carbon-based fluorescent 
nanodots in 2004 [1], much progress has been achieved in the synthesis, 
properties and applications of Carbon Quantum Dots (CQDs) and Carbon 
Nanodots (CNDs), as reviewed [2-4] owing to their strong fluorescence, 
easy surface modification, excellent water solubility, chemical inertness, 
as well as their potential less toxicity as regards Semiconductor Quantum 
Dots (SQDs) amply exploited until now. Furthermore, the superior 
biological properties of such carbon “nanolights” in terms of low toxicity 
and good biocompatibility in biological systems makes them a good 
alternative to SQDs, suggesting potential applications in bioimaging [5-
7], biomolecule delivery but also in analytical (bio)-sensing. In fact, most 
analytical applications are focused on techniques related to metal ion 
sensing. The quenching of photoluminescence of a variety of carbon-
based nanodots has been extensively studied as a means to detect metal 
ions such as Hg
2+
, Pb
2+
, Au
3+
 Co
2+
,Cu
2+
 or Fe
3+
 [8-15] as well as metallic 
and other carbonaceous nanoparticles [16-19].  
Recently the formation of gels based on carbon-based nanodots 
had been reported [20-24], but few analytical applications had been 
described until now. Quaranta et al. reported the formation of a thin 
xerogel film of carbon-based nanodots to scintillators detectors and Hu et 
al. used Carbon Dot Gels (CDGs) as part of a sensing system for the 
direct detection of Cu
2+
. In our previous work [24], we have successfully 
prepared novel hydrogels based on CQDs and CNDs with different 
functionalities by a simple one-step heat-sonication process with the 
existence of 2 % of ionic liquid (IL), 1-butyl-3-methylimidazolium 
tetrafluoroborate (BMIM-BF4). Thanks to the introduction of different 
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superficial end groups, the as-prepared CQDGs possess different affinity 
for metal ions, which forms a basis for their extensive applications in 
analytical nanoscience and nanotechnology. In this context, we now 
report the use of p-CQDGs as nanotools for the determination of silver 
ions in aqueous samples. 
Silver has attracted a great deal of attention owing to its high 
electrical and thermal conductivity in metallic form. Furthermore, it had 
been valued as a precious metal ion and its antibacterial properties wider 
its use in a number of industries such as agriculture, pharmacy, in mirrors 
or in foods. The extensive use over the years has led to an accumulation 
of Ag
+
 in the environment therefore it is becoming increasingly necessary 
to monitor such accumulation due to the high toxicity of silver(I) for 
aquatic organisms and human beings. 
Traditionally, Ag
+
 had been detected by atomic absorption 
spectroscopy [25] or inductively-coupled plasma mass spectroscopy [26], 
but recently some authors had focused in its determination using CQDs; 
in fact, two different mechanisms to detect Ag
+
 have been described. A 
quenching effect on CQD fluorescence has been observed for CQDs 
synthesized from lactose and then functionalized with mercaptosuccinic 
acid [27] as a result of the thiol-Ag interaction. In the other hand, other 
authors [28-30] reported a second mechanism of Ag
+
 detection based on 
an enhancement on the carbon-based nanodots fluorescence due to the 
reduction of Ag
+
 to Ag
0
. Furthermore, such mechanism makes it feasible 
to synthesize silver nanoparticles [31-32]. 
In the present work we report the formation of CQDGs using a 
LMWG and the performance of the resulting hybrid materials as 
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innovative, robust, rapid and simple fluorescent sensors for the direct 
determination of Ag
+
.  The resultant gels integrate the fluorescence 
properties of the CQDs with the specific physicochemical properties of 
the system based on CQDs-gelator-IL towards metal ions, which is 
desirable for many analytical applications. The interaction of CQDGs 
and Ag
+
 decreases the fluorescence intensity of CQDs, and it proves 
possible to monitor the amount of Ag
+
 using the Stern-Volmer equation. 
The proposed method was validated in river water samples, as a priority 
selection of exposure scenario owing to the release of silver from the 
erosion of rocks/soils and from human activities into water, mainly river 
water in which is extensively accumulated, and consequently, transferred 
and concentrated into aquatic organisms. 
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2. EXPERIMENTAL 
2.1. Reagents and materials 
The reagents used in this work were multi-walled carbon 
nanotubes (MWCNTs) purchased from Bayer (Germany), nitric acid (69 
%), sulphuric acid (95–98 %), cobalt(II) nitrate hexahydrate (98 %), 
copper(II) sulfate (99 %), silver nitrate (99 %) and chloroform (99 %) 
purchased from PANREAC, S.A.U. (Spain) and N,N’- 
diisopropylcarbodiimide (DIC, 98 %), triethylamine (99 %), N-
hydroxysuccinimide (NHS, 97 %), N-Boc-ethylenediamine (98 %), 
cysteamine hydrochloride (98 %), acetone (99.5 %),  dimethyl sulfoxide 
(99.9 %), 1-butyl-3-methylimidazolium tetrafluoroborate (97 %), 
iron(III) nitrate nonahydrate (98 %), magnesium nitrate (98 %), 
mercury(II) nitrate monohydrate (99.9 %), lead(II) nitrate (99 %), 
gold(III) chloride solution (99.9 %) and sodium carbonate (99.95 %) 
from Sigma–Aldrich (Madrid, Spain).  
 
2.2. Equipment 
 Fluorescence emission spectra were measured on a PTI 
QuantaMaster
TM
 Spectrofluorometer equipped with a 75 W Xenon short 
arc lamp and the model 814 PMT detection system. Scanning electron 
microscopy (SEM) images were obtained with Hitachi SU-70 FEG and 
Nuclear Magnetic Resonance (NMR) spectra were measured on a Bruker 
Avance-400. 
The gels were formed using an ultrasonic bath PCE-UC 20 (with 
a capability of 2 liters) and a heater BOSCH PHG 500-2. 
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2.3. Synthesis of CQDs and derivates 
Preparation and passivation of CQDs were carried out as in our 
previous work [33] by using MWCNTs as carbon source and acetone to 
introduce carboxylic acid groups onto their surface with the aim of 
enhancing their fluorescence. The functionalization step was performed 
by the direct addition of DIC and NHS as coupling agents to two 
different amines (cysteamine [16] and N-Boc-ethylenediamine [17]) to 
the p-CQDs. CQDGs were constructed from the three types of CQDs (p-
CQDs, thiol-CQDs (t-CQDs) and amine-CQDs (a-CQDs)) by using stock 
solutions of 1 mg·mL
-1
 of CQDs in ultrapure water. 
 
2.4. Preparation of CQD Gels 
The CQD gels were prepared using a simple approach as 
described in our previous work [24] using a gelator 1 (1 wt%, 5 mg) and 
2 % (10 µL) of BMIM-BF4 which were added to 500 µL of CQDs (1 
mg·mL
-1
) in aqueous solution. The mixture was sonicated for one minute 
and warmed for 30 s with a heat gun. This process was repeated three 
times where whereupon rapid gelation (1 min) occurs.  No free water or 
solid was apparent and the batch to batch reproducibility expressed as 
RSD was 5.2 %. 
 
2.5. Fluorescence measurements 
For fluorescence assays, a constant concentration (8 µg·mL
-1
) of 
Hg
2+
, Pb
2+
, Ag
+
, Co
2+
, Mg
2+
, Fe
3+
, Au
3+
 and Cu
2+ 
ions were added 
directly to CQDs (p-CQDs, t-CQDs and a-CQDs). All the fluorescence 
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measurements were performed at an excitation wavelength of 350 nm 
recording the emission between 370 and 650 nm, at room temperature. 
The Stern-Volmer equation: I0/I = 1 + Ksv [ion], where I0 and I are the 
fluorescence intensities in absence and presence of the ion, was used to 
represent the quenching. 
The quenching in the fluorescence of CQDs (p-CQDs, t-CQDs 
and a-CQDs) produced by the ions was studied in three different 
situations; CQDs solutions in absence of the gelator, CQDs solutions in 
presence of gelator and CQDGs.  
 
2.6. Silver ion determination in river water samples 
In order to validate the proposed method, samples from Rabanales 
river (Spain) were analyzed. Firstly, river water samples were passed 
through a diatomaceous earth cartridge as sorbent for solid phase 
extraction (SPE) to remove the organic matter and stored at 4 ºC until 
use. As no samples tested positive for Ag
+ 
ions, we proceeded to spike 
them with Ag
+
 at the linearity range obtained with standards. 
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3. RESULTS AND DISCUSSION 
3.1. Fabrication and characteristics of carbon dot-gels 
It is well known that both hydrogen bonding and hydrophobic 
effects play an important role in the self-assembly process of gels. We 
have previously shown that bolaamphiphilic salt gelator 1 (Fig. 1) 
incorporating a hydrophobic diphenylmethane-derived central spacer in 
conjunction with ionisable salicylic acid based peripheral substituents 
results in both water compatibility and markedly enhanced CQD 
fluorescence. Different functional groups at the CQD surface were 
prepared to evaluate the intermolecular hydrogen-bond interactions in 
gels of this gelator. 
 
Fig. 1: Structure of compound 1. 
 
A rapid and efficient fluorescent gel procedure based on CQDs in 
aqueous phase by the use of 2 % of IL and LMWG 1 as a semi-solid 
sensing platform for metal ions is described. Gels prepared in vials 
survived the “inversion test” (Fig. 2A). The CQDGs were well 
characterized by studying their photoluminescence properties. All the 
CQDGs were found to show maximum PL intensity exciting at 350 nm. 
SEM was performed to corroborate the fibrilar structure of the CQDGs 
(Fig 2B). 
1
H NMR spectroscopy was performed to systematically 
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investigate how the introduction of p-CQDs modifies the LMWG and to 
gain insight into the interaction between the gelators and CQDs in 
solution. Figure 3A shows the 
1
H NMR spectra of the gelator as a 
function of added CQD solution.  Addition of CQDs results in a notable 
downfield shift of around 0.7 ppm (7 mg gelator in the presence of up to 
15 mg CQDs) in the urea NH resonances, increasing as a function of 
CQD concentration. As a control experiment D2O was added to the NMR 
sample of 1 without CQDs and no shift in the NH chemical shift was 
observed (Fig. 3B). These results suggest that the gelator hydrogen bonds 
directly with the CQDs, presumably via functionalities on the 
nanoparticle surface.  
 
Fig. 2: Images under visible light (A) and SEM (B) of passivate-Carbon Quantum Dot-
based Gels. 
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Fig. 3: 
1
HNMR spectra of 1 with increasing concentrations of passivate-Carbon 
Quantum Dots (A) and aliquots of D2O (B). 
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A particularly interesting characteristic of the new gels is the 
reversibility in the gelation process in which the fluorescent properties of 
the CQDs do not change despite the number of gel formation-dissolution 
cycles. This is indicative of the non-covalent self-assembly of the 
LMWGs and CQDs. 
 
3.2. Sensing behavior of CQDGs towards metal ions  
CQDs and CQDGs were studied for their capability in successful 
detection of silver metal ions. At the onset, a comparison of CQD sensing 
features towards several metal ions in aqueous solution is discussed. In 
fact, the quenching of CQDs in presence of Hg
2+
, Pb
2+
, Ag
+
, Co
2+
, Mg
2+
, 
Fe
3+
, Au
3+
 and Cu
2+
 ions in absence or presence of gelator is depicted in 
Fig. 4. It is worth noting that the presence of gelator in the solution 
affects the CQD sensing capability towards metal ions, and for each type 
of CQDs such effects are different. Indeed, significant changes in the 
fluorescent quenching behavior were observed which can be attributed to 
the specific interaction and complexation between each metal ion and the 
gelator-CQDs system. It has previously been reported that all 
functionalized CQD solutions (p-CQDs, t-CQDs and a-CQDs) exhibit 
sensitivity towards the well-studied Hg
2+
, Pb
2+
, Fe
3+
, Au
3+
 and Cu
2+
 ions. 
However, none of CQD solutions exhibit sensitivity towards Ag
+
 ions 
apart from gelator-CQDs systems in aqueous solution. It is important to 
note that the significant quenching observed in presence of Ag
+
, Cu
2+
 and 
Au
3+
 ions reveals a strong binding with CQDs, being in general higher in 
the cases of p-CQDs and a-CQDs (Figs. 4A and 4C). This is 
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advantageous, particularly for a-CQDs, because it is possible to detect 
the group 11 transition metal ions in presence of the gelator.  
With regards to the sensing capability of the CQD-IL-gelator gel 
system, comparing gel-phase with liquid-phase sensing behavior under 
the same conditions gives interesting information about the potential 
analytical and bioanalytical applications. The reversible-gelation nature 
of such CQDGs, coupled with their excellent fluorescence features 
suggests that they may be particularly useful for evaluating the affinity of 
CQDs for transition metal ions forming metal-CQDG chelates, which has 
not been described previously.  
Notably, different behavior towards metal ions was observed 
when comparing both in-gel and in-liquid phases. In general, the present 
fluorescent hybrid gels were found to be very selective towards certain 
metal ions as depicted in Fig. 5; in fact, some ions like Co
2+
, Mg
2+
 and 
Fe
3+
 were not detectable for the hybrid gel phase in contrast to their 
liquid phase behavior, whereas others like Hg
2+
, Pb
2+
 or Ag
+
 produce a 
significant quenching in the fluorescence of a particular CQDs hybrid gel 
system. In the case of p-CQDGs (Fig. 5A) only Ag
+
 resulted in a 
significant decrease of its fluorescence, whereas with t-CQDs (Fig. 5B) 
Pb
2+
 is only just detectable. In contrast, a-CQDs (Fig. 5C) is able to 
detect Pb
2+
 ions by combining the data from CQDGs and liquid-phase 
system for removing other metal interferences as we reported previously 
[24].  
Results show that depending on the type of surface group on the 
CQDGs, they will be more or less selective towards certain ions with 
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regards to the coordination of the metal ion to the CQDGs thus affecting 
their photoluminescence. 
From an analytical point of view, we demonstrate that the most 
selective determination approaches of metal ions are those using CQDGs 
as sensing platforms.  
We can conclude that with the same type of CQDs, different ions 
can be detected depending of the situation of the CQDs (in solution with 
or without the gelator or in gel state). Different analytical procedures can 
be developed for the direct determination of metal ions as function of the 
functionalities of the fluorescence CQDs and the sensing media.  
 
3.3. Direct determination of silver ions using p-CQDGs  
Based on these results, p-CQDGs were selected as sensors for 
Ag
+
 ions. This is the first time that CQDGs have been used for the direct 
detection of silver(I). A possible mechanistic explanation speculated for 
the selective response with Ag
+
 is due to the well reported tendency of 
the gelator to form chelates with Ag
+
 ions, due to the fact that CQDs in 
aqueous solution do not interact with such ions (see Fig. 4A). 
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Fig. 4: Quenching study of the fluorescence of passivate-Carbon Quantum Dot-based 
Gels (A), thiol-Carbon Quantum Dot-based Gels (B) and amine-Carbon Quantum Dot-
based Gels (C) in solution with and without bis(urea) gelator. 
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Fig. 5: Quenching study of the fluorescence of passivate-Carbon Quantum Dot-based 
Gels (A), thiol-Carbon Quantum Dot-based Gels (B) and amine-Carbon Quantum Dot-
based Gels (C) in liquid and solid like gels. 
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p-CQDG responses to different concentrations of Ag
+
 ions are 
recorded in Fig 6A. At high concentrations, the solid network is 
destroyed to form a liquid-phase solution. As shown in Fig. 6B, plotting 
concentration-dependent emission band obtained at excitation 
wavelength of 350 nm yields a good linear relationship ranging from 0.8 
to 20 µg·mL
-1
, where (I0/I) = 0.98403+0.055· [Ag
+
] and R
2 
=0.998. LOD, 
calculated as three timed the standard deviation (SD) of the blank signal 
divided by the slope of the calibration curve was 0.55 µg·mL
-1
. The limit 
of quantification (LOQ), established for 10 times the standard deviation 
of the blank signal divided by the slope of the calibration curve was 1.83 
µg·mL
-1
. The relative standard deviation (RSD) was of 4.91 %. 
 
Fig. 6: Photoluminescence response of passivate-Carbon Quantum Dot-based Gels 
upon addition of increasing concentrations of Ag
+
 (A) and calibration plot of the 
quenching of the passivated-Carbon Quantum Dot-based Gels versus Ag
+ 
ions
 
(B). 
 
3.4. Validation in river water 
Samples of river water from the Rabanales river in Spain were 
tested for Ag
+
 using the new CQDG system, however, reassuringly, all of 
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the samples proved negative. As a result the river water samples were 
enriched with Ag
+
 ions at concentrations in the range of 0.8-20 µg·mL
-1
. 
It was shown that a pre-treatment of the river samples was needed to 
remove organic matter which interferes in the proposed methodology. In 
this case, previous to the analyses, a simple filtration step of the river 
samples with diatomaceous earth for organic matter removal was 
performed. The filtrated samples were subjected to analyses showing no 
matrix effect.  
Added concentration 
of Ag
+
 (µg·mL
-1
) 
Found concentration 
of Ag
+
 (µg·mL
-1
) 
Recovery 
(%) 
RSD 
(%) 
4 3.9 ± 0.2 93.6-107.2 7.02 
8 7.7± 0.5 85.4-105.9 10.6 
Table 1: Recoveries of the enriched river water samples obtained at two different 
concentrations. 
 
In order to demonstrate the feasibility of the proposed method a 
recovery study of enriched samples was also carried out at two different 
concentrations. Good results were obtained in both cases, so we can 
conclude that the method can be applied in environmental water samples. 
Table 1 shows the satisfactory recoveries that were achieved ranging 
from 85.4 to 107.2 %.  
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4. CONCLUSIONS 
A simple, rapid and selective fluorescent method of Ag
+ 
ion 
determination based on fluorescent CQD hydrogels is presented. We 
successfully demonstrated a tunable sensing capability of CQDs towards 
metal ions (Hg
2+
, Pb
2+
, Ag
+
, Co
2+
, Mg
2+
, Fe
3+
, Au
3+
 and Cu
2+
) by 
changing the CQD peripheral groups, adding the low molecular weight 
hydrogelator and also by selecting one or other sensing media, that is, 
CQDs in presence or absence of a gelator in aqueous solution or forming 
an hydrogel. Results draw forth the applicability of hydrogels based on p-
CQDs as the most suitable sensing platform for the selective detection of 
Ag
+ 
ions.  
The systematic comparison of the two sensing methods with and 
without gelification allows us to conclude that the gel approach increases 
both sensitivity and selectivity, two key properties that support accuracy. 
The limitations of the gel approach presented here are, on the one 
hand, that the expeditiousness are reduced due to the preparation step of 
the sensor, and on  the other, the amount of CQDs involved is slightly 
higher than in solution. 
Nevertheless, the present study may give a new insight into future 
applications not only in developing innovative sensing platforms as 
analytical tools but also in biomedicine as promising carriers for drug 
delivery and bioimaging.  
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BLOQUE IV 
 
CARBON (QUANTUM) DOTS  
EN EL CONTEXTO DE LA  
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NANOCIENCIA Y 
NANOTECNOLOGÍA  
ANALÍTICAS 
 
CARBON (QUANTUM) DOTS  
IN THE CONTEXT OF THE  
THIRD WAY OF THE  
ANALYTICAL NANOSCIENCE  
AND NANOTECHNOLOGY  
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his Doctoral Thesis contributes to the Third Way in the 
AN&N which consists in the simultaneous 
consideration of the NPs as tools and target analytes in 
the same analytical process.  
  Firstly, an overview of the use of carbon nanomaterials as 
sorbents and sensors in the Third Way of AN&N is provided.  
Later, in more detail the variety of carbon (quantum) dots 
employed as sensing probe for the determination of both carbonaceous 
and metallic NPs in the present Doctoral Thesis is described.  
On one hand, section IV.2 consists on the direct determination of 
carboxylated-MWCNTs (c-MWCNTs) and C60 using CNDs and CQDs, 
respectively.  
On the other hand, section IV.3 is focused in the determination of 
metallic NPs (AuNPs and AgNPs) using CQDs with different surface 
moieties, resulting in PL responses as a consequence of the formation of 
CQDs-AuNPs nanohybrids and AgNP aggregates, respectively. 
 
 
   
  
T 
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IV.1. Tercera Vía de la 
Nanociencia y Nanotecnología 
Analíticas 
 
IV.1. Third Way of the Analytical 
Nanoscience and Nanotechnology 
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Abstract 
This review describes the current state and the challenges of 
Analytical Nanoscience and Nanotechnology (AN&N) regarding to the 
use of carbon nanoparticles as nanotools for nanoparticle characterization 
and determination, which is included in the “Third Way” of AN&N. 
Therein, this review article attempts to provide a systematic comparison 
of the recent analytical methodologies involving carbon nanoparticles as 
nanotools in the “Third Way”, which focuses on one hand on the 
preconcentration and capture of nanoanalytes and, by other hand, the 
sensing and detection of other nanoparticles.  
  
Submitted 
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1. INTRODUCTION 
Engineering nanoparticles hold promise as novel materials in a 
wide range of applications owing to their exceptional properties by virtue 
of their reduced size. In the last years, the extensively production of 
engineering nanomaterials and their recently incorporation into a variety 
of industrial processes, in commercial products and even in medicine 
have experienced an exponential growth, entailing potential risks and 
great concerns about their impact on the environment and human health 
[1].  
Although many toxicological investigations on nanoparticles have 
been carried out using different cell lines and living organisms, their 
potential harmful effect is still unclear and sometimes even contradictory 
by the lack of standardised toxicological procedures for nanomaterials. 
Nanoparticles are naturally or intentionally be present in the environment 
[2] and afterwards entered in living organisms through direct routes. In 
biological systems, the unexpected toxicity of nanomaterials related to 
the cellular uptake, biodistribution, possible transformations over time or 
with biomolecules are influenced by a variety of factors such as the 
nanoparticle nature and size, surface-to-volume ratio, colloidal stability 
and surface reactivity [3-5]. Taking into account that some of these 
nanomaterials are considered as human life threatening, emerging 
analytical methodologies are recently reported to provide innovative 
detection strategies towards nanoparticles in a wide variety of scenarios 
(simple and complex matrices).  
In this context, a substantial progress in the use of nanoparticles 
as nanotools for analytical applications was accomplished in the last 
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decades as a consequence of their adsorption capacities as well as their 
optical and magnetic properties by virtue of their large surface areas, 
chemical reactivity and quantum effects. Such fascinating properties, 
which are different from other materials, lead to the simplification and 
improvement of available analytical methods in terms of sensitivity and 
specificity as well as help to better understanding and controlling of the 
nanoworld.  
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2. THIRD WAY OF ANALYTICAL NANOSCIENCE AND 
NANOTECHNOLOGY 
The particular interest of analytical chemistry in nanostructured 
materials has ended up in a new Era of Nanotechnology, the Analytical 
Nanoscience and Nanotechnology (AN&N) [6]. Thus, nanoparticles 
provide valuable benefits which address the diverse needs of the 
analytical community in improving any of the steps of the analytical 
process, from the sample treatment to the detection stage. Many reports 
about their usefulness as analytical tools gave rise to the development of 
new analytical methodologies and improvement of the well established 
analytical processes, methods and techniques.  
This first classical facet of the AN&N exploited the absorption 
and sensing capabilities of a wide variety of nanoparticles. Thus, the 
most exploited nanomaterials are magnetic and carbon-based 
nanostructures used as sorbent materials in the pretreatment step for the 
extraction, preconcentration and isolation of the target analyte [7-8] and 
metallic and semiconductor nanoparticles mainly used as sensing probes 
because of their fascinating optical properties [9, 10]. Thus, the specific 
affinity of the surface ligands of carbon nanostructures as well as their 
aromatic character afford the determination of a wide variety of analytes, 
from metallic ions to biomolecules, in the environmental and clinical 
fields [6].  
The second classical role of the nanoparticles in an analytical 
process is to be considered as the target analyte. The determination of 
nanomaterials requires methods capable of detecting and quantifying 
traces of the NPs in a variety of complex matrices. This role is very 
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important because it allows the nanomatter characterization gathering 
relevant information about the nanoworld. However, few of such 
methods have been reported to date, about 30-35 % of the published 
articles related to AN&N, meanwhile the use of nanomatter as nanotool 
supposes the 65-70 % of published works within AN&N. 
A combination of these two classical roles has recently appeared 
as a new concept in the AN&N, which has been named as the “Third 
Way” [11]. In this new outlook the nanomatter acts simultaneously as the 
tool and as the object of analysis within the same analytical process. This 
concept arises from the need to improve and establish new 
methodologies for the extraction of chemical information and accurate 
determination of such nanostructures. A crucial factor in this point of 
view lies in the possible synergies between the nanomaterials involved in 
the same process, giving rise to the improvement of their individual or 
combined properties [6,12]. In this new vision of the AN&N, 
nanostructures of same or different nature which are involved as tool and 
analyte can give rise to hybrid nanomaterials with excellent properties to 
improve the top, basic and productive analytical features. The roles 
played by NPs in the same analytical process are summarized in Figure 1. 
As regards carbon nanostructures, this review focuses on the 
relatively new developments of sorbents and sensors based on carbon 
nanoparticles for the determination of other nanostructures of same or 
different nature (metallic or non-metallic nanoparticles). We will also 
describe recent applications that could be included in the so-called “the 
Third Way” of AN&N. The interactions and mechanisms underlying 
these sorbents and sensors are described. 
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Figure 1. Possible roles of the nanoparticles as analytical tools and the analyte within 
the same analytical process, being considered as the "Third Way" AN&N.  
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3. CARBONACEOUS NANOMATERIALS 
In this review, two different families of carbon nanoparticles 
depending on the content of carbon atoms are addressed. On one hand, a 
first group is composed by nanostructures of low-carbon content such as 
nanocellulose (NC). These nanosized cellulose fibrils bearing multiple 
hydroxyl groups display a strong tendency to intramolecular hydrogen 
bonds. On the other hand, a second group of high-carbon nanostructures 
is discussed; according to their structure and carbon hybridation, a new 
family of carbon nanoallotropes can be classified into fullerenes (of 
different sizes, C20, C60, C70 and so on), spherical nanodots (carbon 
quantum dots, CQDs, and carbon nanodots, CNDs), carbon nanotubes (of 
different layers such as single-walled carbonanotubes, SWCNTs, double-
walled carbonanotubes, DWCNTs, and multi-walled carbonanotubes, 
MWCNTs), graphene nanoparticles (graphene oxide, GO, and graphene 
quantum dots, GQDs) and other nanostructures (nanodiamond, nano-
onion, nanohorn, nanocone). Those carbon nanoparticles exhibit 
particular electrical, mechanical, optical and chemical properties by 
virtue of the variety of sizes and shapes achieved depending on the 
carbon arrangement in sp
2
 and/or sp
3 
hybrid networks. Nowadays, their 
most general properties, preparation methods and applications have been 
scarcely scrapped for some of such carbon nanostructures.  
Interestingly, carbon nanostructures have paid great attention in 
analytical applications since they allow obtaining more sensitive methods 
to determine a wide variety of analytes, being involved in any of the 
steps of the analytical process. Furthermore, many methods have been 
described by combining different carbon nanostructures or even by 
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mixing of nanoparticles of different nature; however, none of them have 
been considered within the “Third Way” of AN&N. 
This review covers the uses of carbon nanostructures to determine 
other nanoparticles being classified by the role of the analytical nanotool, 
as sorbent materials or as sensing systems, as well as categorized 
depending on the nature of the nanoanalyte (carbon nanostructures and 
metallic nanoparticles).  
As regards analytical tools, the one-dimensional nanocellulose 
and carbon nanotubes play an important role in Analytical Chemistry, 
especially in sample preparation as sorbent material whereas the zero-
dimensional fluorescent carbon-based nanodots have found a very 
important place in sensing.  
Nanocellulosic fibrils which are characterized for their high 
specific surface area, high porosity or even high reactivity, have been 
exploited in few applications as sorbent materials of a variety of analytes 
[13-14]. In contrast, the strongly hydrophobic and aromatic character of 
CNTs have broadened their practical analytical applications, being 
commonly applied as sorbent materials in extraction techniques.  
On the contrary, fluorescent nanodots are characterized by their 
excellent solubility in polar solvents. This family can be divided in 
semiconductor and carbon-based nanodots [15] but due to the toxicity of 
semiconductor quantum dots (SQDs), carbon-based nanodots appeared as 
a green alternative. This last group is composed by graphene quantum 
dots (GQDs), carbon quantum dots (CQDs) and carbon nanodots 
(CNDs). Until now such fluorescent nanodots which are characterized by 
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their easy surface modification, have been extensively exploited as 
nanosensors of metal ions [16-19]. 
Graphene, which is a two dimensional allotrope of carbon, has 
revolutionized the scientific world in the last years. They exhibit 
fascinating electronic and optical properties depending on the size and 
the oxidation degree of graphene nanoparticles, being commonly 
exploited as sensor in analytical chemistry [20]. 
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4. NANOTOOLS AS SORBENTS IN THE THIRD WAY 
Carbon-based nanoparticles, mainly carbon nanotubes (SWCNTs 
and MWCNTs) and, most recently, graphene and its derivate (GO) are 
the most commonly nanomaterials employed as sorbent in conventional 
extraction techniques. A great affinity between such sorbent and the 
analyte can be achieved by virtue of their large specific surface area and 
their aromatic character. Their unique morphology determines the 
extraction efficiency and selectivity and also confers them the ability to 
achieve a quick adsorption equilibrium and analyte elution.  
In this section we will summarized the developed analytical 
methods in which carbon nanoparticles act as sorbent materials for the 
detection and/or quantification of other nanostructures [8,21]. Thus, some 
types of carbonaceous and metallic nanoparticles were considered as the 
target analyte, firstly because of their extensive uses in industry and 
consumer products and, secondly, for the possible damage that could be 
caused in human health by virtue of their antimicrobial and 
photocatalytic properties and solubility features. 
 
4.1. Determination of carbonaceous nanoparticles 
Several methods for the determination of the dangerous volatile 
SWCNTs have been developed in the last years by using modified filter 
membranes as extraction and preconcentration platform. The first case 
was described by Suarez et al. [22] in which the retention of carboxylated 
SWCNTs (c-SWCNTs) was achieved using nylon-encased filters (0.45 
µm pore size) modified with MWCNTs by virtue of the strong π-stacking 
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interactions between both aromatic nanostructures. High 
preconcentration rates were achieved with this MWCNT modified 
retention unit. In this research, after efficient preconcentration of the c-
SWCNTs (with diameters between 0.7 and 1.2 nm and lengths of 2-20 
µm) the analyte was eluted with an acidic methanolic solution and finally 
their determination was achieved by capillary electrophoresis. The 
electrophoretic separation was achieved using a 50 mM ammonium 
acetate background electrolyte (BGE) adjusted at pH 7.5. The separation 
was carried out with a power supply of +15kV. The detection wavelength 
was set at 210 nm. Because the mechanism of interaction between two 
types of carbon nanotubes is based on π-π interactions, the MWCNT-
filter showed a high capacity of retention. The proposed method achieved 
limit of detection (LOD) of 0.8 mg·L
-1
 and was applied in river water 
samples showing good recoveries values (from 82 to 92 %), with the 
precision ranging from 6.4 to 7.3 %. 
Based on the same principle of retention and using the same type 
of nanoparticles for the retention component and analyte, López-Lorente 
et al. [23] presented a new analytical methodology to determine 
SWCNTs by Raman spectroscopy. In this case, the preconcentration of c-
SWCNTs is achieved onto MWCNT-modified cellulose membranes (0.2 
µm pore size). The nanotubes studied possesses outer diameters of less 
than 2 nm and between 5-20 nm, and lengths between 5-15 µm and 1-10 
µm for c-SWCNTs and MWCNTs, respectively. In the preparation of the 
modified membranes a Triton X-100 dispersion of MWCNTs was passed 
through the membrane and immediately the river water samples 
previously enriched with c-SWCNTs. At last, a pH 12 methanolic-KOH 
solution were passed through the system for removal of the interfering 
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organic matter present in the water. Raman measurements were carried 
out directly in the filter membrane containing both types of CNTs using a 
Nd:YAG excitation laser at a wavelength of 532 nm and the laser power 
set at 0.5-1.5 mW. López-Lorente et al. observed significant differences 
in the tangential mode (G band) and the disorder band (D band) 
intensities of both types CNTs establishing the G/D band intensity ratio 
as analytical signal. As explained before, SWCNTs and MWCNTs 
exhibit strong π-stacking interactions between their aromatic walls. The 
proposed procedure achieved much lower LOD, 1.007 µg·L
-1
. The 
precision obtained for a concentration of analyte of 10 µg·L
-1
 was 4.7 % 
intra-membrane and 6.3% inter-membrane. The recoveries in river water 
samples were in the range of 81 -111 %. 
This method is similar than other published work by the same 
authors but exploiting the surface-enhanced Raman scattering (SERS) 
effect of AuNPs [24]. In this case, AuNPs act as active component of the 
SERS substrate once is deposited in nanometric thin layers onto a 
cellulose acetate membrane (0.2 µm of pore size). In this paper, authors 
proposed a simple method for the determination of c-SWCNTs using 
modified membranes prepared by the microfiltration of a bare AuNP 
solution with a nominal colloidal size of 21±9 nm. After the filter 
modification, a water solution containing soluble SWCNTs was passed 
through the modified cellulose acetate membrane, being the carbon 
nanoparticles retained onto the AuNPs which served as substrate for 
Raman measurements. In contrast to the other case, the excitation laser 
wavelength was 785 nm and the laser power at the probe was 5.7 mW 
whereas the intensity of the G band (around 1583 cm
-1
) was selected as 
analytical signal and used to quantify the analyte. The LOD of 10 µg·L
-1 
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achieved was much higher than the previous methodology. The proposed 
method was also applied in river water samples with recoveries higher 
than 86% and with the intra- e inter-membrane precisions of 1.19 and 
10.5 %, respectively.  
Two effective methodologies based on CNT-modified membranes 
for the determination of c-SWCNTs in environmental samples via π-
stacking interactions are summarized in Figure 2. Both methods were 
validated in river samples showing the potential of CNTs in sorbent-
based extraction techniques within the “Third Way”. 
 
Figure 2. Scheme for the determination of c-SWCNTs using MWCNTs as sorbents 
 
4.2. Determination of metallic nanoparticles 
Although the wide variety of procedures describing the decoration 
of carbon nanostructures with metallic nanoparticles for the fabrication of 
inmunosensors or even with other purposes different from analytics, 
there is a lack of published works related to the determination of metallic 
nanoparticles based on carbon nanoallotropes acting as sorbents. 
However, an analytical methodology based on NC as effective sorbents 
for the determination of AgNPs nanoparticles has been already described. 
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This approach is based on sulfonated nanocellulose (s-NC) as 
sorbent for the determination of silver nanoparticles (AgNPs) by using an 
eco-friendly dispersive micro solid-phase extraction (D-µSPE) was 
reported by Ruiz-Palomero et al. [25]. The extraction was performed by 
mixing 5 mg of s-NC and a solution containing 5 mL of AgNPs and 50 
µL of 200 mM hexadecyltrimethylammonium chloride (CTAC) under 
vigorous stirring and ultrasonic treatment. The metallic nanoparticles 
were attached to the s-NC and centrifuged. After removal of the 
supernatant containing impurities, the elution was achieved with only 
200 µL of 75 mM thiotic acid. The detection was made by capillary 
electrophoresis using fused silica capillary of an inner diameter of 75 µm 
and an effective length of 40 cm. The electrophoretic separation was 
accomplished with a BGE composed by 40 mM of sodium dodecyl 
sulphate (SDS) and 10 mM of 3-(cyclohexylamino)-1-propanesulfonic 
acid (CAPS) at pH 10. The electropherograms were recorded at 400, 414 
and 432 nm depending on  the localized surface plasmon resonance 
(LSPR) of 10, 20 and 60-nm sized AgNPs, respectively. The optimized 
method was applied in mussel samples. The mechanism of interaction 
between the NC and the AgNPs can be explained by the introduction on 
sulphur atoms in the NC structure which exhibit a high affinity towards 
metallic nanoparticles. 
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5. NANOTOOLS AS SENSORS IN THE THIRD WAY 
In this section, we will discuss in detail the use of carbon 
nanomaterials as sensors for the direct or indirect determination of 
carbonaceous, metallic and other NPs; specifying the mechanism of 
interaction between both nanomaterials plus the similarities and 
differences amongst them. 
 
5.1. Determination of carbonaceous nanoparticles 
Few papers were reported until now using fluorescent carbon-
based nanodots as sensor of carbonaceous NPs but the similarity of CNTs 
[26] to asbestos as well as the extensive use of GO and fullerene C60 
could means human damages or even their accumulation, so the 
development of analytical methods to determine them is crucial. Thus, a 
comparative description of their determination based on the quenching of 
the fluorescence of carbon-based nanodots is discussed (Figure 3). 
 
Figure 3. Carbon-based fluorescent nanodots as sensor of different carboxylic carbon 
nanostructures. 
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On one hand, Benítez-Martínez et al. [27] proposed the direct 
determination of GO using GQDs as fluorescent nanosensors. Firstly, GO 
was preconcentrated on a cellulose membrane and afterwards the analyte 
was eluted and mixed with the GQDs before analysis. A complete 
binding between the sensing probe and the analyte took place in only 5 
min governed by the hydrophobic π-stacking interactions existing 
between the planar aromatic structures of both graphene derivates.  The 
quenching on the GQD fluorescence was established as the analytical 
signal. The effect on the fluorescent quenching was investigated using 
different solvents, showing the best results in water. In addition, other 
carbon nanomaterials such as c-SWCNTs were evaluated as interference 
but no decrease of GQDs fluorescence was observed. 
On other hand, Cayuela et al. reported the use of CNDs and 
CQDs as fluorescent nanosensors of c-MWCNTs and C60 in river water 
samples [28-29], respectively. Two methodologies for the preparation of 
the sensor (bottom-up and top-down approaches) were needed to obtain 
different types of carbon-based nanodots, and thus diverse sensing 
features. Firstly, CNDs were synthesized via bottom-up from cellulose 
microcrystalline and were directly used as sensor of CNTs. Different 
types of CNTs (MWCNTs and SWCNTs both pristine and carboxylated) 
were evaluated but only c-MWCNTs produced changes on CND 
fluorescence. Therefore, hydrogen bonds ad π-stacking interactions are 
the possibly responsible of the fluorescent quenching of the carbon 
nanodots. The quenching mechanism was evaluated via variable 
temperature studies, finding a static quenching as the predominant 
mechanism; thus, nanohybrids composed by both carbon nanomaterials 
are formed. Interferences such as humic acid, other CNTs and graphene-
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based nanomaterials were evaluated finding no significant differences in 
the analytical signal.  
A more selective method for the direct determination of C60 was 
proposed using CQDs [29]. Fluorescent CQDs were synthesized via top-
down using MWCNTs as carbon precursor, and then, they were 
passivated with acetone to boost their photoluminescence. Passivated-
CQDs were functionalized with N-Boc-ethylenediamine to confer them 
free amine ending groups onto their surface. Afterwards, a later 
functionalization with β-cyclodextrin via amidation was performed. The 
as-prepared hydrophilic CQDs could form inclusion complexes with 
water-soluble C60 making possible their determination. Carrillo-Carrión 
et al. [30] proposed previously a similar method for the determination of 
C60 but using hydrophobic SQDs coated with p-tertbutylcalix[8]arene as 
sensor. In this approach it was needed an additional liquid-liquid 
extraction step before the analysis whereas Cayuela et al. proposed the 
direct determination in aqueous samples without any additional steps 
[29]. 
So far, few methods have been proposed to determine such carbon 
nanoparticles which exhibit a high tendency to aggregate in aqueous 
media considering one factor of toxicity; the employment of less toxic 
carbon based nanodots is an interesting approach to be exploited in 
targeting other types of dangerous nanoparticles in environmental 
samples or for monitoring biological systems.   
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5.2. Determination of metallic nanoparticles 
Noble metal NPs like gold (AuNPs) and silver (AgNPs) are 
characterized by their high extinction coefficient and LSPR band in the 
visible spectra. They have been used as target analytes in different 
analytical methods involving fluorescent nanodots as sensing probes 
On one hand, few methods have been reported using AgNPs as 
target analyte although their extensive use in consumer products such as 
cosmetics, food storage packaging or textiles could be a future 
environmental problem. Until now, three different mechanisms have 
been proposed for their determination using fluorescent carbon-based 
nanodots as tools, as depicted in Figure 4.  
 
Figure 4. Determination of silver nanoparticles using carbon-based fluorescent 
nanodots as sensors. 
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Ran et al. [31] proposed a method in which an enhancement of the 
fluorescence of graphene quantum dots (GQDs) occurs through a “hot 
electron transfer” from the LSPR of AgNPs to GQDs. The plasmonic 
effect of AgNPs causes the increase of the GQD fluorescence through 
their attachment onto the metal surface. In that case, metallic 
nanoparticles were then close enough for GQDs to feel the surface 
plasmon near-fields of the AgNPs. 
In contrast, other authors proposed the quenching of the 
fluorescence of CQDs and CNDs in presence of citrate-AgNPs (cit-
AgNPs) [32-33]. Cayuela et al. [32] reported the use of amine 
functionalized CQDs for the direct determination of cit-AgNPs in 
cosmetics. The analytical response was due to the quenching of 
fluorescence via inner filter effect (IFE); IFE took place when a broad 
overlapping of the absorption band of the AgNPs and the emission band 
of the CDs existed. In this case, only cit-AgNPs in presence of amine-
CQDs aggregated, and as a result a red-shifting in their LSPR is 
produced. Such effect is not observed when AgNPs are coated with 
polymeric shells as polyvinyl pyrrolidone (PVP). The aggregated AgNP 
absorption band overlapped the emission of CQDs in contrast to non-
aggregates particles; furthermore this proposed mechanism is selective to 
cit-AgNPs since the LSPR band of AuNPs does no overlap the emission 
band of CQDs. The aggregation effect of cit-AgNPs in presence of the 
sensor was attributed to the electrostatic interactions between the 
positively charges of amine-CQDs (donor) and the negatively charges of 
citrate-AgNPs (acceptor). 
Although Amjadi et al. [33] reported the direct determination of 
cysteine by recovery of the CND fluorescence, the same method was 
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designed for the determination of AgNPs. The interactions between 
CNDs and cit-AgNPs via fluorescence resonance energy transfer (FRET) 
are the responsible of the fluorescent changes. When evaluating the 
FRET process between CNDs (donor) and cit-AgNPs (acceptor), authors 
suggested that a dynamic quenching mechanism was behind the 
restoration of the fluorescence after addition of cysteine owing to the 
formation of Ag-S bonds. 
Apart from the use of these fluorescent carbon-based nanodots as 
sensing tools for the determination of AgNPs, other authors proposed 
their use for the synthesis of metallic NPs. Shen et al. [34] used carbon 
nanodots for the direct reduction of Ag
+
 to Ag
0
 and the simultaneously 
growth of AgNPs onto NP surface without any additional reducing agent. 
Carbon nanodots accomplish this catalytic reaction acting as electron 
donor to fabricate an optical sensor for Ag
+
. Others as Chen et al. [35] 
used GQDs as reducing agent and stabilizer in the synthesis of AgNPs. 
The prepared nanohybrid increases the stability of AgNPs and exhibited 
a significant improvement in the catalytic effect for the colorimetric 
detection of H2O2.  
On the other hand, some methodologies reported for the 
determination of AuNPs also showed both quenching and enhancement 
of the fluorescence of carbon-based nanodots, as in the case of AgNPs. 
First of all, it is noteworthy that AuNPs exhibit a more resistant surface 
to oxidation than AgNPs but with similar interaction mechanisms.  
The effect of AuNPs on the fluorescence of carbon nanomaterials 
is correlative dependence of the distance between them. Zong et al. [36] 
proposed the enhancement of the photoluminescence of CDs due to the 
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LSPR of AuNPs. They explained that the separation between CDs and 
metal NPs is crucial to obtain an increase or decrease of their 
photoluminescence, so they proposed the formation of a conjugate 
between AuNPs, CDs joined to PAMAN dendrimers though an 
amidation reaction. Both NPs are separated by PAMAN, which has a 
particle size of ca. 5 nm, being at a suitable distance to produce a 
photoluminescence enhancement. Furthermore, the amount of each NPs 
and the distance between them can be adjusted to obtain the optimum 
conditions. Li et al. [37] also reported an enhancement of fluorescence by 
using GO. The fluorescence intensity of GO is very low and the authors 
proposed a metal-enhanced fluorescence (MEF). A silica layer was 
deposited onto AuNPs to control the distance between gold-core and GO 
as well the obtaining Au@SiO2; then, it was modify positively with PAH 
and then mixed with GO to obtain an hybrid via electrostatic interactions. 
In this case, the silica-spacer was adjusted to the optimum value to obtain 
a fluorescent enhancement. 
Other authors focused on the quenching mechanism. Cayuela et 
al. [38] functionalized CQDs with cysteamine to obtain a static 
quenching as a result of the formation of nanohybrids between CQDs and 
AuNPs because of the high affinity of the thiol group to gold atoms 
whereas others such as Liu et al. [39] proposed the determination of 
AuNPs via a mixture of static and dynamic quenching mechanisms using 
non-functionalized GQDs. AuNPs could quenched the fluorescence of 
GQDs at the same time through the attachment onto GQDs surface 
(formation of a complex or nanohybrid) either nearby in water without 
direct contact.  
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Finally, Dai et al. [40], as in the case of AgNPs, proposed a FRET 
system where CDs acted as the donor and AuNPs as the acceptor. Once 
AuNPs quenched the CDs, melamine was added to restore CD 
fluorescence. Note that the final purpose was the determination of 
melamine which induced a decrease of the FRET efficiency and restored 
the fluorescence of the CDs.  
Non-plasmonic metallic NPs have also been studied as target 
analyte. Benítez-Martínez et al. [41] have recently proposed the use 
GQDs as sensor of titanium oxide NPs (TiO2 NPs). N-doped GQDs (N-
GQDs) were obtained from citric acid using glycerin as nitrogen source. 
Once N-GQDs were obtained, the TiO2 NPs were extracted from the 
enriched sun creams and evaluate if their presence affects the N-GQD 
fluorescence.  Interestingly, a significant decrease of N-GQD 
fluorescence was observed ascribed to electrostatic interactions either 
hydrogen bond. The recoveries obtained in the enriched samples were in 
the range of 84.6% to 105.9% depending on the concentration level. 
The use of fluorescence of carbon nanomaterials and their 
excellent performances for the determination of plasmonic and non-
plasmonic metallic nanoparticles by different mechanisms serve as 
potential and versatile examples of such analytical platforms in sensing. 
 
 
. 
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6. FINAL REMARKS 
In summary, the “Third Way” of the AN&N has promoted the 
potential of carbon nanostructures as effective nanotools for the 
determination of other carbonaceous and metallic nanoparticles. The 
hydrophobic, π-stacking interactions and hydrogen bonds are the keys for 
the determination of carbon nanostructures whereas the strong affinity of 
sulfur, nitrogen and oxygen atoms towards metals is crucial for the 
detection of metallic nanoparticles. Furthermore, the distance between 
both nanomaterials (the nanotools and the nanoanalyte) plays a crucial 
role in the interaction mechanism and directly influences the 
determination of metallic nanoparticles. Taking into account this valuable 
information, the easy functionalization of carbon nanoparticles should be 
explored in a greater extent to obtain very precise analytical tools for 
characterization and determination of nanocontaminants. 
Although some research has been performed to characterize and 
determine nanoanalytes though the use of such carbon-nanostructured 
analytical tools, it is necessary further investigations on one hand to 
obtain a better understanding of the synergies of the as-prepared hybrids 
to improve the developed analytical methods, in terms of stability and 
reusability for long-term uses and, on the other hand, to focus on real 
world applications. Thus, those simple, effective and affordable methods 
could be applied in punctual contamination sources for monitoring the 
release of harmful nanoparticles to the environment either be used in 
biomedicine for the in-situ monitoring nanoparticles in cells or living 
organisms, opening a new avenue for the development of new 
approaches within the “Third Way” of the AN&N. 
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IV.2. Determinación de 
nanopartículas de carbono 
 
IV.2. Determination of 
carbonaceous nanoparticles 
 
 
Figure IV.1 Carbon (quantum) dots as tools of carbonaceous nanoparticles 
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Abstract 
A simple, rapid and efficient luminescent method based on carbon 
dots (CDs) as nanosensor of carboxylated multi-walled carbon nanotubes 
(c-MWCNTs) has been developed for the first time. Luminescent CDs 
were successfully synthesized by making use of bottom-up methodology 
without the need of further surface passivation, obtaining the highest 
quantum yield (QY: 19 %) for cellulose microcrystalline as precursor. 
This simple and economic preparation of luminescent CDs was 
accompanied by an evaluation of their ability for detecting c-MWCNTs 
in water owing to the formation of hydrogen bond interactions. The 
limits of detection (LOD) and quantification (LOQ) for c-MWCNTs 
were 0.37 and 1.25 µg·mL
-1
, respectively. The proposed sensing method 
was validated in spiked river water, demonstrating its potential in 
environment water samples.  
Sensors and Actuators B: 
Chemical 
 207 (2015) 596-601 
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1. INTRODUCTION 
Nanotechnology has experienced an exponential development in 
the last decades. Numerous papers in chemistry, biology, medicine or 
physics have been published with the aim of finding solutions to 
analytical and biological limitations. Studies with photoluminescent (PL) 
nanomaterials have played a crucial role in this process. Quantum dots 
(QDs) were considered one of the most useful materials employed as 
sensing systems for their potential PL properties, until significant 
concerns arouse regarding their high toxicity coming from leaching of 
toxic heavy metal ions in biological media [1]. 
Notwithstanding, CDs [2] are an exciting new class of fluorescent 
nanomaterial that can be considered as carbonaceous spheres with 
fascinating PL properties, such as emission wavelength sized-dependent 
and broadness of PL tunable depending on their size distribution and 
changes in their surface caused by different functional groups. In general, 
their PL features have been attributed to the presence of surface energy 
traps associated to the surface defects sites [3–8], mechanism that 
supports the fact that the smallest CDs with similar surface 
functionalities exhibit the highest luminescence [9,10]. 
Contrary to QDs, CDs are cheaply produced, exhibit chemical 
inertness, non-blinking fluorescence [9] and excellent water solubility, 
which turn them into a more environmentally friendly nanomaterial 
compatible with biological systems. 
Three main steps in the preparation of luminescent CDs – 
synthesis, passivation and functionalization [11] – are described, in 
which two main methods of synthesis – Top-down and Bottom-up 
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methodologies [12] – are known. In particular, the bottom-up 
methodology consists of a thermal carbonization and acid dehydration of 
suitable molecular precursors [6,13–16] such as carbohydrates and 
glucose, obtaining in most of the cases fluorescent CDs; however, in few 
cases [14] passivation and/or the functionalization operations were 
required in order to create highly PL nanomaterials with tunable 
fluorescent features and reactive behavior against certain analyte. 
Previously, CDs obtained from ethylene glycol [16] and from glycerin 
[6] were prepared using very high temperatures and in combination with 
other organic components as precursors. However, no data of CDs 
obtained from cellulose microcrystalline have been published until now. 
Few analytical applications have been described for CDs until 
now. Most authors have focused on applications related to metal ions as 
analyte [17–20] especially Hg(II) [21–23] ions since it is one of the most 
dangerous pollutants for the environment and human health. Other 
applications involve the determination of iodine [24,25], the detection of 
DNA [26], Ru(bpy)3
2+
 species [27], 2,4-dinitrophenol and 2-amino-3,4,8-
trimethyl-3H-imidazo[4,5-f]quinoxaline [28] or hydrogen peroxide [29]. 
Although the recent increment in the development of 
nanotechnology, the scientific community is aware of the incoming 
negative impact of nanomaterials to the society due to their unforeseen 
hazards and toxicity. Lastly multiple investigations on the toxicity of 
nanoparticles awake the negative impact to living organism and to human 
beings [30]. The use of metallic nanoparticles in a variety of consumer 
products entails the design of a simple and effective method to analyze 
them; thus is the case of gold nanoparticle detection by using CD-based 
fluorescent sensor in environmental and biological samples [31]. 
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Furthermore, carbon nanotubes (CNTs) have been exploited in 
multiple applications [32–35] since their discovery and the enormous 
annual production – in thousands of tons per year – [36] turn CNTs into a 
potential contaminant. Although their extended use in many consumer 
products such as textiles, batteries and electronics, adverse effects 
occurred in human health for their similarity to asbestos [37-38]. CNTs 
hydrophobicity entails aggregation that makes manipulation and the 
exploitation of their unique properties difficult. To prevent agglomeration 
carboxylation is a common practice in industry for better CNT dispersion 
and debundle. Thus, carboxylated CNTs are expected to be one of the 
most possible forms of carbonaceous pollutants in aqueous environment, 
especially during handling and disposal of CNT containing products. The 
presence of soluble CNTs has been found in plants using microwave-
induced heating [39] and in diesel exhaust particles samples by TEM 
[40]. The need of simple and efficient analytical tools for monitoring this 
new oncoming nano-contaminant is essential, taking into account the 
pollution from hydrologic cycle and the industrial discharges. 
This paper describes the synthesis of the first fluorescent 
nanosensor based on CDs for detecting water-soluble c-MWCNTs as 
potential water contaminant using a simple, rapid and economic 
methodology. Herein, other carbonaceous materials such as single-walled 
carbon nanotubes (SWCNTs), humic acids (HA) and graphene-based 
products were evaluated as potential interferences. 
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2. MATERIALS AND METHODS 
2.1. Reagents 
Sulfuric acid (95–98 %) and nitric acid (69 %) were purchased 
from PANREAC, S.A.U., Barcelona, Spain; ethylene glycol (99.8 %), 
glycerin (99 %), cellulose microcrystalline (50 µm particle size), sodium 
carbonate (99.95 %), sodium chloride (> 99 %), potassium bromide (99 
% metal basis, FT-IR grade), quinine hemisulfate salt monohydrate (98 
%), humic acid, Triton X-100 and SWCNTs (0.7–0.9 nm diameter; 77 %) 
were purchased from Sigma–Aldrich (Spain). The different types of 
MWCNTs were provided from Baytubes (Germany), Cheap Tubes 
(USA) and NTP (China). Graphene (1–2 layers of avanGRAPHENE) 
was purchased from AvanzareInnovacion Tecnologica S.L. (Spain). 
Water-dispersed Graphene Nanoplatelets (PureSheets QUATTRO Grade 
material at 50 mg·L
-1
) were purchased from NanoIntegris (China). 
Ultrapure water used throughout all experiments was purified through a 
Millipore system. All reagents were used as received without further 
purification. 
 
2.2. Instrumentation 
The fluorescence emission and the absorption spectra were 
measured on a PTI QuantaMaster
TM
 Spectrofluorometer 
(PhotonTechnology International) equipped with a 75 W Xenon short arc 
lamp and the model 814 PMT detection system. Felix 32 software was 
used for fluorescence data collection and analysis. This software was also 
used to control the whole instrument. All optical measurements were 
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carried out in 1 cm quartz microcuvette under ambient conditions. Both 
slit widths at emission and excitation were set at 5 nm. 
Infrared spectra were recorded using a Spectrophotometer FT-
MIR Tensor 27 with a microscope Hypeion 2000 by preparing KBr 
pellets with the samples. 
Brantonic Ultrasonic 3510 (USA) with an output power of 100 
Wand a frequency of 42 kHz ± 5 %, was used to disperse the carbon 
nanoparticles. A Centronic-BL II of Selecta was used for the 
centrifugation steps. A pH-meter Crison (Basic 20) was used to control 
the pH of all our experiments. 
 
2.3. Preparation of carbon dots 
CDs were synthesized using the bottom-up methodology in one-
spot at high temperatures with sulfuric acid as oxidant from different 
organic substances such as precursors; glycerin, ethylene glycol and 
cellulose microcrystalline were used as precursors. 
CDs obtained from glycerin and ethylene glycol were prepared by 
mixing 5 mL of the respective precursor and 15 mL of sulfuric acid under 
refluxed conditions (120 ºC) for 5 h. After cooling down, 50 mL of 
ultrapure water was added carefully to the mixture and the resulting 
solution was sonicated in an ultrasonic bath and centrifuged at 13000 rpm 
to obtain a non-fluorescent supernatant that was discarded and a black 
precipitate. The carbogenic precipitate thus obtained were re-dissolved in 
ultrapure water by sonication for 30 min and centrifuged at 13000 rpm to 
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obtain a light-brown fluorescent supernatant that was treated with 25 mL 
of 1 M sodium carbonate. 
CDs obtained from cellulose microcrystalline were prepared by 
heating 1 g of precursor in 30 mL of 12.2 N sulfuric acid under refluxed 
conditions (120 ºC) for 7 h. After cooling down, the solution was 
centrifuged and treated with 25 mL of 1 M sodium carbonate. 
In all syntheses, excess of Na2SO4 was removed via 
crystallization by cooling down a mixture of ethanol and the CD solution. 
 
2.4. Preparation of stock solution of carbon nanotubes and graphene 
derivatives 
Different types of MWCNTs were evaluated in order to obtain a 
better comprehension of the quenching mechanism. All nanotubes were 
dispersed in aqueous solution in situ. Table S1 shows the characteristics 
of all MWCNTs used in this work. c-MWCNTs were obtained as 
follows: pristine MWCNTs from Baytubes were treated with a solution 
of H2SO4:HNO3 (ratio 3:1) for 4h in order to introduce carboxylic groups 
onto their surface. Then, the suspension was filtered in a cellulose nitrate 
membrane and washed with plenty of deionized water till the water pH 
reach approximately 7. Thus, c-MWCNTs were re-dispersed in water at a 
concentration of 50 µg·mL-1, for their use as stock solutions. 
Dispersions of pristine carbon nanotubes were obtained by 
sonication in the presence of 0.5 % (w/v) of Triton X-100 for 10 min. For 
graphene oxide (GO) preparation, same oxidation protocol as for c-
MWCNT production described above was followed by using pristine 
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avanGRAPHENE with a mixture of H2SO4:HNO3 (ratio 3:1).Thus, c-
MWCNTs were re-dispersed in water at a concentration of 50 µg·mL-1, 
for their use as stock solutions. 
 
2.5. Fluorescence assays with multi-wall carbon nanotubes 
For the evaluation of CDs as sensor of c-MWCNT an optimized 
1:0.5 dilution of CDs at physiological pH was used as stock solution. The 
next procedure was followed: 300 µL of c-MWCNT (0.5–5 µg·mL-1) 
were added to 300 µL of CDs keeping constant the final volume to 600 
µL. Fluorescence quenching of CDs using c-MWCNTs as analyte was 
described with the Stern–Volmer equation:  
I0I = 1 + Ksv [analyte] 
where I0 and I are the fluorescence intensities in absence and presence of 
c-MWCNTs [41]. 
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3. RESULTS AND DISCUSSION 
3.1. Preparation and characterization of nanomaterials 
The light-emitting (luminescent) nanoparticles were obtained 
using the bottom-up methodology without any need for passivation or 
functionalization. These CDs exhibit fluorescence features that can be 
attributed to the presence of multiple surface defect sites produced by the 
oxidation process [3-4]. Differences in the intensity, width and position 
of the maximum emission are dependent on the distribution size of 
nanoparticles and the grade of oxidation in their surface [28]. 
The possibility of obtaining CDs with different characteristics 
such as PL properties depending on the precursor used led us to study the 
effect on their fluorescence features. The organic molecular precursors 
selected in this work were glycerin, ethylene glycol and cellulose 
microcrystalline. Previously, ethylene glycol was used as precursor of 
CDs by reacting with sulfuric acid at 140 ºC for 6 h and with 25 % of QY 
[16]; in our group we optimized the conditions reducing both the 
temperature to 120 ºC and the reaction time to 5 h. Although a different 
research group prepared water-soluble CDs from the combination of 
glycerin, citric acid and polyethylene glycol using temperatures of 270 ºC 
[6], none of the CDs were prepared by only using glycerin; however, an 
easy one-spot synthesis similar to that for ethylene glycol precursor was 
successfully applied to exclusively glycerin, obtaining water-soluble and 
high fluorescence CDs. Other way to synthesize CDs from carbohydrate 
source required two-step oxidation (with sulfuric acid first and then with 
nitric acid) followed by the passivation with amine-terminated molecules 
[14]. In fact, non-crystalline carbogenic dots were also prepared from 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
348 
waste paper [42] with QY of 10.8 %. No synthesis from cellulose 
microcrystalline has been described until now, by using a simple one-
spot carbonization with sulfuric acid at lower temperatures than others. It 
should be pointed out that it was needed to introduce ultrapure water at 
the beginning of the synthesis instead of after in order to avoid losses of 
material by the formation of black foam. For such reason, reaction 
conditions such as time and temperature and the presence of water were 
adapted in each synthesis to avoid virulent reactions. All obtained CDs 
were yellow-brownish and soluble in water. 
As in other works [28] passivation of CDs (obtained via top-down 
methodology) with acetone improves their PL properties, an attempt to 
passivate the obtained CDs from organic precursors did not show any 
difference in their fluorescent features, fact that can be assumed as no 
change in their surface functionalities. These CDs have surface energy 
traps that make them fluorescent after the synthesis without any other 
steps. 
Taking the results above, the advantages of a single-spot synthesis 
without further passivation or functionalization steps for each CD 
obtained, substantially make them superior to others in potential 
analytical applications. 
The emission spectra after synthesis and purification of the 
corresponding fluorescence CDs at pH 2 are depicted in Fig.1. It is 
possible to observe a lack of symmetry in the fluorescence band, and 
important differences in their emission maximum wavelength, width and 
intensity, the best wavelength for excitation being 370 nm. 
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Fig.1. CD emission spectra obtained from different precursors (λex: 370 nm). All 
measurements were performed at pH 2 and slit widths at emission and excitation set at 
5 nm. 
 
In general, CD fluorescence intensity tends to decrease while 
increasing pH; however, there is an influence of pH on the maximum 
emission, being more significant in case of ethylene glycol. This fact can 
be due to the number of superficial ionizable groups on CDs. In Fig.2A, 
CDs from ethylene glycol exhibit a fluorescence band shift (red-shift) at 
higher pH. Lower variations in the maximum wavelength and in the 
fluorescence intensity observed for CDs synthesized from cellulose 
microcrystalline (Fig.2B) make them suitable for analytical applications 
in detecting contaminants in river water. Furthermore, these CDs exhibit 
QY of 19 % using 0.1 N H2SO4 as reference [43], being higher than that 
in most of the publications. 
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Another important phenomenon to consider is the ionic strength-
dependence. After evaluation of the CD photoluminescence in presence 
of NaCl (0.05–4 M) no effects in the case of cellulose microcrystalline as 
precursor were observed, although a significant quenching for glycerin-
based CDs was found. 
 
Fig.2. Influence of pH on the maximum PL intensity of CDs obtained from different 
organic precursor: ethylene glycol (A) and cellulose microcrystalline (B). λex: 370 nm. 
 
Interestingly, CDs obtained from glycerin or ethylene glycol as 
precursors were aggregated after 2 months of storage in darkness; 
however, no abnormalities in the obtained CDs using cellulose 
microcrystalline as precursor were observed after 7 months even in 
sunlight conditions; to assess the stability of CDs with time evaluation of 
their fluorescence and IR features were carried out. 
It must be pointed out that the stability of CDs would be related to 
changes from the superficial functionalities of CDs, being favor-able 
during the CD synthesis from cellulose. 
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From the results above, obtained CDs from cellulose 
microcrystalline were selected as nanoprobe for further assays. Thus, FT-
IR spectrum (Fig.S1) shows peaks at 1143 and 1708 cm
−1
 related to C-O 
and C=O stretching modes of carbonyl-containing functional groups, and 
at 1410 and 1541 cm
−1
 related to C=C. Fig.S2 shows an UV–vis 
absorption peak at 275 nm, which is ascribed to n–p* transition of C=O 
band and π–π* transition of conjugated C=C band [42]. The presence of 
carbonyl groups onto CD-surface may be of great interest for their use as 
sensor owing to the hydrogen bonds interactions with certain analyte. 
 
3.2. Analytical performance of CDs as sensor of carbon nanotubes 
The above mentioned CDs exhibit the best features to determine 
contaminants. To assess the resultant CDs for their potential the 
quenching mechanism of CDs. 
Different types of MWCNTs (pristine and carboxylated CNTs) 
were investigated with the aim of knowing which is the type of 
interaction with CDs. Different concentrations (2 and 5 µg·mL-1) of 
CNTs were tested. Results show that c-MWCNTs produce the highest 
quenching on CD-fluorescence (Fig.S3) owing to their higher degree of 
interaction at the experimental conditions. It can be assumed that the 
sensor recognizes the analyte by means of hydrogen bonding interactions 
(Scheme 1). 
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Scheme1. Synthesis and proposed analytical reaction of CDs from cellulose 
microcrystalline with c-MWCNTs. 
 
The dilution of CDs affects on the fluorescence intensity and thus 
in the quenching mechanism against a certain analyte. Four CD dilutions 
in proportions 1:0, 1:0.5, 1:1 and 1:3 with ultrapure water were 
investigated, the second one being the optimum for their higher 
quenching response (Fig.S4A). As expected from the lack of pH-
dependence, the sensor possesses an excellent response in a wide 
working pH range of 4–10 (Fig.S4B). 
Meanwhile, the influence of the ionic strength on the quenching 
behavior of CDs in the presence of CNTs was also explored. In case of c-
MWCNTs slight changes in quenching measurements were observed, 
possibly due to a very weak interaction between ions of NaCl and 
carboxylic groups of MWCNTs (Fig.S4C) [44,45]. Concentration of 
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
353 
NaCl added was in the range 0.05–0.4 µg·mL-1. At higher concentrations 
of NaCl no changes in the quenching measurements were observed. 
3.2.1. Analytical assays 
Evaluation of the quenching mechanism at different temperatures 
(T= 20–40 ºC) in the presence of 5 µg·mL-1 of c-MWCNTs was carried 
out; in fact, a decrease in the quenching process while increasing the 
temperature (I0/I=1.42–0.028·T) was observed assuming that a static 
mechanism takes place involving the formation of nanohybrids [30] 
based on CDs and c-MWCNTs. It should be pointed out that the 
nanohybrids may be stabilized mainly by intermolecular hydrogen 
bonding interactions between carboxylic groups of CNTs and carbonyl-
containing functional groups of CD surface. Because of CNTs are 
retained in nylon membranes of 0.45 µm pore-size while CDs do pass the 
membranes easily, filtration of the mixture corroborate this hypothesis in 
which hydrogen bonds originates the quenching of luminescence CDs 
when c-MWCNTs are present in solution.  
The analytical features of the proposed method were also 
evaluated. The straight-line calibration data set obtained accordingly to 
the Stern–Volmer equation for c-MWCNTs (0.5–5 µg·mL-1) with the 
CDs with their corresponding normalized fluorescent spectra are shown 
in Fig.3 (I0/I=1.061 + 0.06 [analyte]). The analysis was made in triplicate 
and the response was linear (R
2
= 0.991). From the calibration graph, the 
LOD and LOQ were 0.37 and 1.25 µg· mL-1, respectively. The precision 
of the measurements was studied at 3 µg·mL-1, the relative standard 
deviation (RSD) being 0.83 %.  
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In order to evaluate the selectivity of the proposed method, 
different carbonaceous interferences were evaluated, such as HA, 
SWCNTs and graphene-based nanomaterials. Quenching of CDs in the 
presence of these interferences was studied firstly in the absence and 
secondly in the presence of analyte. 
In the absence of analyte, none of the carbonaceous selected 
interferences did quench significantly the PL of CDs, until concentrations 
up to 10 µg·mL-1 for HA and 15 µg·mL-1 for GO. This phenomenon 
confirms that the interaction of the sensor with other carbogenic 
nanoparticles is nearly absent, in particular the non-oxidized 
nanoparticles. This observation implied that CDs may interact with CNTs 
by hydrogen bonds rather than with the π-electronic surface. In the 
presence of analyte the principle of measurement was based on the 
individual determination of c-MWCNTs at constant concentration (3 
µg·mL-1) while varying interference concentrations, the maximum 
interference levels tolerated for SWCNTs and HA being 30 % and 21 %, 
respectively. In case of GO, high concentrations of the interfering 
substance did not produce any significant alteration in the measurement 
process (Fig.S5); however, a very high concentration of individualized 
graphene layers (15 µg·mL-1) did affect an 8 % the detection of c-
MWCNTs as depicted in Fig.S6, possibly due to the stacking of many 
graphene sheets onto CNT surface (via strong π-π stacking interactions) 
that makes the accessibility of the carboxylic groups for interacting with 
the sensor difficult. Afterwards, we proceeded to study if SWCNTs and 
HA can have a synergistic effect in the interaction between c-MWCNTs 
and CDs, not finding any significant change in the quenching when both 
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are together in solution. In the cases of graphene-derivatives no changes 
in the proposed method were found. 
3.2.2. Application of the proposed sensing system 
To examine the practical applicability of the described nanosensor 
for the detection of c-MWCNTs, samples from Guadalquivir River 
(Andujar, Spain) were analyzed by the proposed method; in fact, river 
water was passed through a filter paper of 25–30 µm of pore sized and 
stored at 4 ºC until use. 
Since no positive samples were found, a series of measurements 
was performed spiking water samples with analyte at concentrations in a 
range of 0.5–5 µg·mL-1. Fig.4 shows the calibration plot of fluorescence 
quenching and fluorescence spectra of CDs with c-MWCNTs in spiked 
samples, the response also being linear (R
2
= 0.992) as compared with 
standards; thus, no matrix effect was found in the river samples. The 
results above indicate the viability of using this type of CDs for detecting 
soluble CNTs (implying carboxylate groups onto their surface that 
imparts excellent water-solubility features) in potential environmental 
systems owing to their production in so common diesel engines during 
internal combustion and in industrial processes. 
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Fig.3. Quenching curve and fluorescence spectra of standards. 
 
 
Fig.4. Quenching curve and fluorescence spectra of spiked samples. 
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4. CONCLUSIONS 
In this work, the importance of synthesizing highly 
photoluminescence CDs varying organic precursors by using bottom-up 
methodology was investigated. CDs synthesized from cellulose 
microcrystalline exhibit more fluorescence intensity and greater 
fluorescence stability against pH changes, being reported for the first 
time. The formation of nanohybrids between c-MWCNTs and CDs make 
possible the determination of such water-soluble c-MWCNTs in aqueous 
solutions. Thus, this type of CDs has a potential application as 
photoluminescence sensor of c-MWCNTs in environmental water 
samples using the proposed method due to the industrial waste and diesel 
emissions. 
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6. SUPPORTING INFORMATION 
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Fig.S1. FTIR spectra of CDs obtained from cellulose microcrystalline. 
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Fig.S2. UV-visible spectra of CDs obtained from cellulose microcrystalline. 
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Fig.S3. Quenching of CD fluorescence at two CNT concentrations using different types 
of MWCNTs. 
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Fig.S4. Influence of different experimental variables for the c-MWCNT detection: A) 
CD dilution, B) pH and  C) concentration of NaCl. 
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Fig.S5. PL Intensity of CDs in absence and presence of c-MWCNTs and graphene oxide 
(15 µg·mL
-1
). 
 
 
Fig.S6. PL Intensity of CDs in absence and presence of c-MWCNTs and graphene oxide 
(15 µg·mL
-1
). 
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Type Diameter (nm) Length (µm) 
Baytubes (c-MWCNTs) 6-9 5 
NTP 10-20 5-15 
Cheap-tubes 10-30   10-30 
Table S1. Characteristics of MWCNTs used in the experiments. 
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Abstract 
  A selective photoluminescent method based on Carbon Quantum 
Dots (CQDs) functionalized with carboxymethyl-β-cyclodextrin for the 
direct determination of water-soluble C60 fullerene has been developed. 
CQDs were synthesized using the top-down methodology from multiwall 
carbon nanotubes (MWCNTs) and further functionalized with N-Boc-
ethylenediamine to confer them ending monoprotected amine groups 
onto their surface. Once amine-functionalized CQDs were obtained after 
deprotection, amidation reaction with carboxymethyl-β-cyclodextrin 
cavitand was achieved and the obtained fluorescent β-cyclodextrin 
functionalized Carbon Quantum Dots (cd-CQDs) were investigated for 
the inclusion complexation of water-soluble C60. Quenching of their 
fluorescence was observed owing to the non-covalent self-assembly of 
cd-CQDs and C60 making possible their quantification. A method to 
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determine water-soluble C60 is then proposed with detection and 
quantification limits of 0.525 and 1.751 µg·mL
-1
, respectively. The 
method was validated determining soluble C60 fullerene in spiked river 
water. One added value of the paper is the facet that it can be adscribed 
to the “Third Way of Analytical Nanoscience and Nanotechnology”. 
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1. INTRODUCTION 
This work represents an excellent example of the trending 
topic known as the “Third Way of the Analytical Nanoscience and 
Nanotechnology” (AN&N) [1] which involves the use of 
biocompatible nanoparticles as tools –sorbent [2], sensor, etc.– for 
the analysis of other nanomaterials in the same analytical process. 
As a way of example, our group has already reported the use of 
carbon-based nanodots as selective sensor of carboxylated-
MWCNTs [3] and metallic nanoparticles such as gold [4] and silver 
[5-6] nanoparticles. 
Amongst carbon materials, fullerenes [7] which were 
considered as the third allotropic form of carbon after graphite and 
diamond have been well-known for many years thanks to their rich 
chemistry, powerful antioxidant and catalytic characters, and their 
high power conversion efficiencies. In particular, in this decade 
biocompatible pristine and water-soluble fullerenes (C60) have 
gradually become a rising star in the nanocarbon family in a wide 
range of applications related to life science –monitoring of aquatic 
systems, vehicles–, medicine –cancer therapeutics [8], treatment of 
neuro-degenerative disorders [9], biomolecular optical devices– and 
cosmetics [10]; for instance, their excellent abilities for disinfection 
and microbial control [11] and metal removal [12] of waters offer a 
great opportunity for purification systems. Related to medicine and 
cosmetic issues, researchers are extensively investigating new 
methods for obtaining these soluble fullerene derivatives in water 
by many different strategies to take advantage of their properties 
[13-14]. 
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However, early studies have shown that C60 derivatives 
produce oxidative cell damages [15-19] due to their easily 
penetration through skin [20-21] being retained in the body for a 
long period [22]. It is certain that pristine fullerene are more toxic 
than water-soluble fullerenes [23-24], but the widespread use of 
such water-soluble nanoparticles and their negatively interaction 
with the environmental species, such as algae, plants and fungi, will 
meet in few years causing potential adverse effects in this early 
stage of nanotechnology. Actually the lack of risk assessment and 
regulation not only promotes the need for further studies about their 
toxicity and interaction with the environment and living organisms 
but also for urgent methodologies to monitor them. 
Cyclodextrins (cd) have frequently been applied in many 
fields [25-27] ranging from environmental protection [28] to 
biomedical science [29] thanks to their ability to form 
supramolecular host-guest inclusion complexes with suitable sized 
hydrophobic molecules or even nanomaterials as guests. It is well-
known the capability of β-cyclodextrin (β-cd) and γ-cyclodextin (γ-
cd) to either partially or entirely accommodate C60 derivatives, 
because of their suited cavity size. Many authors focused their 
attention on the enhancement of C60 solubilization in aqueous media 
as a result of the inclusion complexation for different purposes –eg. 
cancer photodynamic therapy [30]– whereas others studied the 
reactivity of C60 upon encapsulation inside γ-cd as an opportune 
host against ozone degradation [31].  
Interestingly, few applications of nanomaterials containing 
such cavitands are described [32-38], in particular those based on 
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fluorescent carbon nanodots [39] because of their non-toxicity, high 
biocompatibility and quantum yield and easy surface 
functionalization [40-41]. Baruah et al. has already described the 
preparation of spherical nanodots from chitosan hydrogel which 
were electrostatically capped with β-cyclodextrin, for the detection 
of fluoride [42]. As part of our ongoing research on detection of 
potential nanocontaminants and based on the intrinsic C60 affinity 
by β-cd [43-44], herein we described an easy way to prepare 
covalently linked β-cyclodextrin-based CQDs, cd-CQDs, via 
amidation reactions for the self-assembly of water-soluble 
polyhydroxilated C60 present in waters. To the best of our 
knowledge this is the first report on non-covalent inclusion 
complexation of C60 with β-cd covalently capped Carbon Quantum 
Dots, C60/cd-CQDs. The applicability of the proposed method has 
been corroborated in river water samples.  
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2. EXPERIMENTAL SECTION 
2.1. Reagents  
  Sulfuric acid (95–98 %), nitric acid (69 %), ethanol (99 %) 
and chloroform were purchased from PANREAC, S.A.U. 
(Barcelona, Spain). N-Boc-ethylenediamine (Boc-EDA, 98 %), 
N,N’-diisopropylcarbodiimide (DIC, 98 %), triethylamine (TEA, 99 
%), carboxymethyl β-cyclodextrin sodium salt (CMβ-cd), N-
hydroxysuccinimide (NHS, 97 %), Kaiser test kit, tribasic sodium 
citrate (99.5 %), triton
TM
 X-100, hexadecyltrimethylammonium 
bromide (CTAB, 99 %), acetone (99.9 %), sodium chloride (99 %) 
humic acid (HA), sodium dodecyl sulphate (SDS, 99 %), and C60 
fullerene (99.5 %, 0.7 nm) were purchased from Sigma–Aldrich 
(Madrid, Spain). MWCNTs were purchased from Bayer (Germany).   
 
2.2. Instrumentation 
  Fluorescence emission and absorption spectra were recorded 
on a PTI QuantaMaster
TM 
spectrofluorimeter from Photon 
Technology International equipped with a 75 W Xenon short arc 
lamp and a model 814 PMT detection system. Felix 32 software 
was used to collect and process fluorescence data.  
  Infrared spectra were obtained with a Tensor 27 FT-MIR 
Bruker spectrophotometer equipped with a Hyperion 2000 
microscope by using samples mounted in KBr pellets. 
  Transmission electron microscopy (TEM) images were 
performed using a JEOL JEM 1400 microscope for the 
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characterization of cd-CQDs with a resolution point-to-point of 0.38 
nm. 
  Atomic force microscopy (AFM) images were obtained 
through the integration with a Raman spectrometer (alpha 500) 
using ultrasharp tapping mode tips in an intermittent contact mode. 
  An ultrasonic bath PCE-UC 20 (with a capability of 2 liters) 
and a Selecta Centronic-BL II centrifuge were also used. 
 
2.3. Synthesis and functionalization of CQDs  
  CQDs were obtained from MWCNT as previously described 
[45]. After the activation of their fluorescence by introducing 
carboxylic groups onto their surface, passivated-CQDs (p-CQDs), 
amide formation with Boc-EDA was performed using NHS and 
DIC as coupling agents as reported elsewhere [5]. The as-prepared 
CQDs were heated for 10 minutes at 100 ºC to remove the Boc 
groups and the obtained amine-CQDs (a-CQDs) were then treated 
with CMβ-cd. The procedure was performed in two steps as 
follows: in a 50 mL neck flask 50 mg of NHS (0.5 mmol) and 126 
mg DIC (1 mmol) were added to 200 mg of CMβ-cd (0.1 mmol). 
The mixture was stirred under inert atmosphere, then 4 mL of 
deoxygenated a-CQDs at neutral pH and 5 µL of TEA (3.58·10
–3
 
mmol) were added and the mixture was stirred for 24 hours under 
inert atmosphere at room temperature. After that, a second 
functionalization step was carried out for incrementing the amount 
of cavitands attached onto CQDs surface; 50 mg of NHS (0.5 
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mmol), 126 mg DIC (1 mmol) and 400 mg of CMβ-cd (0.25 mmol) 
were added to the previous functionalized nanomaterial with 5 µL 
of TEA. This mixture was stirred under inert atmosphere for 20 
hours and the product (cd-CQDs) was purified by washing with 
chloroform. 
  The colorimetric Kaiser test [46] was performed in triplicate 
for each sample in order to know the content of amine groups onto 
CQD surface. Kaiser test solutions containing phenol in ethanol (75 
µl), potassium cyanide in pyridine (100 µl) and ninhydrin in ethanol 
(75 µl) were sequentially added to 1 mL of three different CQDs: p-
CQDs (with carboxylic groups onto their surface), a-CQDs and cd-
CQDs. Each mixture was heated for 7 minutes at 100 ºC observing 
a colour change. Then, ethanol (60 %) was added, being necessary a 
ten-fold dilution for their measurements in the UV-Visible region. 
 
2.4. Potential interferences 
  Water-soluble C60 was obtained following the described 
procedure by Kokubo et al. in 2008 [47]. 10 mL of hydrogen 
peroxide solution (30 %) were added to 0.1 g of C60 in a neck flask 
and the mixture was stirred at 60 ºC for three days. The water-
soluble C60 was then separated from any aggregate by filtration and 
stored at room temperature till use.  
  For the interference assay, pristine C60 was dispersed with 
different surfactants (SDS, CTAB, Triton-X) and with natural 
organic matter like HA at different concentrations until obtaining a 
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stable dispersion of pristine C60. Only HA at a concentration of 16.5 
µg·mL
-1 
gave very stable dispersion to be used as standards.  
 
2.5. Determination of water-soluble fullerene 
  Between different dilutions (1:3, 1:5, 1:10 and 1:20) of the 
as-prepared cd-CQDs in aqueous solution at physiological pH, an 
optimized ten-fold was selected as stock solution. Thus, 
determination of such water-soluble C60 was achieved by 
fluorescence measurements; increasing concentrations of water-
soluble C60 (0.5-10 µg·mL
-1
) were added to ten-fold diluted cd-
CQDs being the fluorescence recorded at room temperature. Stern-
Volmer equation was used to describe the fluorescence quenching 
of cd-CQDs using C60 as analyte, where I0 and I are the 
fluorescence intensities in absence and presence of C60. 
I0/I = 1 + Ksv [C60] 
  The proposed method was validated determining water-
soluble C60 in river samples from Rabanales River (Spain). The 
samples were filtered firstly through a nylon filter (0.45 µm) and 
then through a diatomaceous earth for removing the organic matter. 
The samples were stored at 4 ºC until analysis.  
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3. RESULTS AND DISCUSSION 
3.1. Characterization of cd-CQDs 
  Fluorescent a-CQDs obtained as in our previous work [5] 
were covalently functionalized with CMβ-cd. The as-prepared 
nanoparticles were 2.4-3.6 nm in size as determined by TEM (Fig. 
1A and B) and AFM (Fig. 1C). Although the exact PL origins are 
still in debate, the PL properties of CQDs can be explained by two 
main mechanisms, a first one related to the intrinsic state emission 
owing to the electron-hole recombination of the core and a second 
one related to the defect state emission due to the superficial 
functional groups. Luminescence of the as-prepared CQDs was 
studied at different excitation wavelengths ranging from 350 nm to 
420 nm. The maximum excitation centred at 357 nm was not 
dependent on emission wavelength which means that there are no 
differences at core and the emission is mainly due to the superficial 
defects. Figure 1D shows the emission spectra with a maximum at 
442 nm under excitation wavelength of 360 nm and the absorption 
band of cd-CQDs.  
  The FTIR spectrum of cd-CQDs illustrated in Figure 1E 
shows the typical characteristic absorption peaks of the cavitand at 
3412, 2923, 1146 and 1028 cm
-1
 corresponding to the symmetric 
and anti-symmetric stretching modes of the –OH, C-H bonds and 
stretching and bending modes of C-O-C bonds. Furthermore, 
additional peaks at 1701 and 1595 cm
-1
 attributed to the C=O and 
C=C stretching modes of the CQDs with amide bonds confirm their 
successful functionalization. 
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Figure 1: Representative TEM images (A and B) and AFM image (C) of cd-
CQDs. UV-visible/fluorescence (D) and FTIR spectra (E) of cd-CQDs. 
 
 
Figure 2: (A) Fluorescence emission spectra of p-CQDs, a-CQDs and cd-CQDs. (B) 
Photograph of the solutions containing p-CQDs, a-CQDs and cd-CQDs after the Kaiser 
test. 
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  Interestingly, the photoluminescent intensity decreases after 
the complete functionalization with β-cd if compared with both 
carboxylated and amine functionalized CQDs, as depicted in Figure 
2A; such diminution is in accordance to other reports of carbon 
nanoparticles capped with cyclodextrins [42,48]. Notice that the 
first functionalization reaction gave rise to CQDs with a low 
functionalization degree; that is, the photoluminescent intensity of 
the resulting CQDs slightly decreases as well as the Kaiser test 
corroborates a high percentage of free amine groups onto CQD 
surface. However, after the second functionalization reaction a 
significant reduction on the emission intensity was observed. 
Furthermore, selecting quinine sulphate as the standard and 360 nm 
as the excitation wavelength, the quantum yield for cd-CQDs at 
these conditions was of 1.7 %, which is lower than for p-CQDs and 
a-CQDs (10 and 3 %, respectively) of previous works [5,45]. It is 
known that the quantum size effect and surface defects are 
responsible for the photoluminescent mechanism of CQDs. As the 
core diameter of all three CQDs remains almost the same, no 
change in the maximum excitation wavelength was observed. Thus, 
different electronic properties which resulted in variations of the 
fluorescent intensity for cd-CQDs [48]. 
  Furthermore, the complete functionalization was monitored 
using the Kaiser test kit by taking into consideration the degree of 
free amine groups covalently linked to the CQD surface. Three 
different types of CQDs (p-CQDs, a-CQDs and cd-CQDs) were 
analysed in triplicate. As expected, no amine groups were observed 
in p-CQDs whereas the amount of free amine groups for a-CQDs 
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and cd-CQDs were of 1.4 and 0.52 mmol·L
-1
, respectively. Figure 
2B shows the images of the obtained colourless and coloured 
solutions after the colorimetric Kaiser Test. It can be noticed that in 
cd-CQDs free amine groups are still present onto CQD surface 
owing to the steric hindrance arisen from the dimensions of β-cd 
that difficult the complete amine functionalization.  
  For the as-prepared cd-CQDs the maximum fluorescence 
intensity of ten-fold in aqueous solution was used for all the 
fluorescence assays. It is essential to mention their high stability 
towards a wide range of pH (from 3 to 9) and ionic strength (0.1 to 
0.5 M of NaCl) of the media in terms of the photoluminescence 
emission properties. 
 
3.2. β-cyclodextrin functionalized Carbon Quantum Dots as 
fluorescent nanosensor of C60 
  Taking into consideration that β-cd cavity is suitable for 
spherically shaped guests such as C60 [43,49] and that the inclusion 
complexation is governed by the two repulsive forces between the 
encapsulated water molecules and the apolar cyclodextrin cavity 
and between the apolar fullerene and the bulk water, we proposed 
the use of cd-CQDs as sensor of soluble C60 in aquatic 
environments. Thus, the photoluminescent studies of three different 
CQDs (p-CQDs, a-CQDs and cd-CQDs) were tested in presence of 
water-soluble C60. As expected, cd-CQDs were the only one which 
exhibits a high photoluminescent response towards C60 as a result of 
the inclusion complexation process, C60/cd-CQDs (see Fig 3A). 
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Thus, this complexation may induce an electron transfer between 
cd-CQDs and C60. 
 
Figure 3: Representative scheme (A) and AFM image (B) of C60/cd-CQDs. 
   
  Furthermore, there are apparent differences between cd-
CQDs and C60/cd-CQDs in their emission wavelength position and 
band width, which corroborates such host:guest interaction. In fact, 
the maximum emission for the C60/cd-CQDs was shifted 5 nm to 
longer wavelengths, whereas the excitation remained unchanged. It 
is known that a red-shifted emission is related to an increase on the 
nanoparticle size. Thus, AFM shows the increase in the size of the 
nanoparticles to 7 nm possibly due to the inclusion complexation of 
fullerene around the CQD surface (see Fig 3B). 
  The stability of the inclusion complex C60/cd-CQDs was also 
evaluated by varying the pH and ionic strength of the media. In that 
case, only a little decrease in their PL signal appears up to 0.5 M of 
NaCl possibly due to aggregation of the nanomaterials that inhibit 
the emission of the CQDs.   
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3.3. Analytical potential  
  The main goal of this paper is to evaluate the analytical 
potential of cd-CQDs based on direct host:guest interaction with the 
analyte. The present research focused on the detection of water-
soluble C60 by monitoring the fluorescence emission properties of 
cd–CQDs. The analytical features of the proposed method were 
evaluated using the Stern-Volmer equation for increasing 
concentrations of C60 (0.5-10 µg·mL
-1
). The calibration plot and the 
stacked fluorescence spectra are depicted in Figures 4A and 4B, 
giving the following equation: I0/I= 1.2133 + 0.1 [C60], with 
R
2
=0.9933. The limits of detection (LOD) and quantification (LOQ) 
were calculated as three and ten times the standard deviation (SD) 
of the blank divided by the slope of the equation, being 0.525 and 
1.751 µg·mL
-1
, respectively, with a relative standard deviation 
(RSD) of 6.6 %. 
  Based on the fact that water-soluble C60 are not the only 
carbonaceous nanoparticles present in aquatic environments coming 
from industry and consequently accumulated in the environment, 
pristine C60 and carboxylated-MWCNTs were used as potential 
interferences. For dispersing the pristine C60 in aqueous media it 
was necessary to add increasing concentrations of surfactants like 
SDS, CTAB, Triton-X and HA until obtaining a very stable 
aqueous dispersion. The best result was obtained for HA at a 
concentration of 16.5 µg·mL
-1
. In that case, these organic matters 
surrounding the pristine C60 were the responsible of the 
photoluminescent changes of the cd-CQDs. In the case of 
carboxylated-MWCNTs no significant quenching was observed, but 
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at high concentrations of carboxylated-MWCNTs the fluorescence 
increases up to 10 % possibly due to π-π stacking interaction 
between both analyte and interference nanomaterials.  
 
Fiure 4: (A) Calibration plot of C60/cd-CQDs. (B) Fluorescence emission spectra 
of cd-CQDs versus different concentrations of C60 (in µg·mL
-1
). 
 
3.4. Validation of the proposed method 
  The applicability of the method was studied with Rabanales 
River samples (Spain). Preliminary experiments indicate no water-
soluble C60 were found in river water; consequently, it was 
necessary to enriched the samples with increasing concentrations of 
water-soluble C60 (0.5-10 µg·mL
-1
). It is important to mention that 
after filtering the river water through a 25 µm nylon membrane 
incongruous results were obtained in the quenching of the 
fluorescence of cd-CQD. For that reason, it was necessary to 
remove the organic matter with a diatomaceous earth cartridge 
using SPE column. Once all samples were filtered as indicated 
before, a linear response with R
2 
of 0.9931 was obtained, indicating 
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that no matrix effect was observed, and so the proposed method can 
be applicable in aquatic environments. 
  This strategy is another example of the use of CQDs in the 
“Third Way of the AN&N”. It is not the first time that fluorescent 
nanomaterials are used for the direct determination of fullerene in 
water samples. Although other report [33] proposed the used of 
semiconductor (CdSe/ZnS) quantum dots coated by p-tert-
butylcalix[8]arene as nanosensor of C60 combined with a liquid-
liquid extraction step, we report the direct detection in aqueous 
media without the need of any additional steps. 
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4. CONCLUSIONS 
  With the aim to evaluate the ability of CQDs in determining 
and quantifying water-soluble C60 fullerene as analyte, a 
straightforward protocol is proposed involving the inclusion 
complexation of the water-soluble C60  (acting as a Guest) into the 
cyclodextrin cavities attached onto CQDs (acting as a host).  The 
quantification of the analyte is performed owing to a diminishing of 
the CQD fluorescence as signal response versus the concentration 
of analyte. The method possesses excellent discrimination of water 
soluble C60 from other common carbonaceous organic materials 
present in aquatic environments. The inclusion complexation 
process endowed this host:guest system with further potential 
application in cosmetics, solar cells and even in analytical and 
biological fields, extending this capability in other sensing or 
imaging processes. 
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IV.3. Determinación de 
nanopartículas metálicas 
 
IV.3. Determination of metallic 
nanoparticles 
 
 
Figure IV.2. Carbon quantum dots as tools of metallic nanoparticles 
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Functionalized Carbon Dots as sensors for gold 
nanoparticles in spiked samples: Formation of 
nanohybrids 
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Abstract 
This paper reports the synthesis, passivation and functionalization 
of luminescence carbon dots (CDs) possessing surface thiol ending 
groups. A simple procedure involving amidation of passivated carbon 
dots (p-CDs) with cysteamine boots their photoluminescent properties 
and enables their use as easily controlled fluorescent nanosensors for 
determining citrate-gold nanoparticles (AuNPs). The mechanism behind 
the quenching phenomenon was established from fluorescence 
measurements at high temperatures and lifetime tests, and found to 
involve static quenching leading the formation of fCDs-AuNP 
nanohybrids. A method for determining AuNPs in complex matrices was 
developed and validated by application to spiked drinking water and 
Analytica Chimica Acta 
820 (2014) 133-138 
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mussel tissues. The limits of detection and quantification for AuNPs thus 
obtained were 0.20 and 0.66 nmol·L
-1
, respectively. 
 
 
Highlights 
o Functionalization via amidation reaction of the Carbon Dots 
(CDs). 
o Interaction of CDs and AuNPs due to the high affinity of thiol 
ending groups to Au. 
o A static mechanism is involved in the quenching phenomenon. 
o Formation of CD–AuNP nanohybrids. 
o A selective method to determine AuNPs versus others gold 
species is presented. 
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1. INTRODUCTION 
Ever since their discovery in 2004 [1], a number of publications 
have highlighted the variety of uses of the carbonaceous nanoparticles 
known as “carbon dots” in biology [2-3], chemistry [4-5], materials 
science [6-7] and even pharmacology [8] thanks to their low toxicity, 
excellent water solubility and fluorescence. The last property has enabled 
their use as excellent detection probes, owing to the higher selectivity 
and sensitivity of fluorescence as opposed to absorption measurements. 
The fluorescent properties of CDs have been ascribed to the presence of 
large numbers of surface defects [9–14] that influence their 
luminescence. Thus, introducing carboxylic groups boosts some 
fluorescence features [15] that are sensitive to pH and other parameters, 
thereby making CDs effective nanosensors with a high analytical 
potential. 
As described in literature, CDs can be obtained by using a 
bottom-up or top-down methodology; both require using additional steps 
such as passivation and functionalization to obtain nanomaterials of 
increased photoluminescence [16]. The bottom-up methodology involves 
thermal carbonization or acid dehydration of a suitable molecular 
precursor such as glucose or another carbohydrate [12,17–20], whereas 
the top-down methodology is based on arc-discharged soot, laser 
ablation, electrochemical choking of carbon particles or exfoliation of 
carbonaceous materials such as graphite, carbon nanotubes (CNTs) or 
nanodiamonds [9-10,14,21–23]. Carbon nanodots were previously 
obtained from multiwalled carbon nanotubes (MWCNTs) by Tao et al. 
[2] our group [15] subsequently improved their fluorescence features and 
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the synthetic process by reducing the reflux time and excluding dialysis 
from the purification step. 
Carbon dots are usually passivated and functionalized by surface-
coating organic molecules or fragments produced during the synthetic 
process or in a second step under hard conditions; the specific groups 
attaching to CD surfaces and the nature of the bonds between the two are 
poorly known, however. For instance, Mao et al. [24] passivated CDs 
with O,O-bis (3-aminopropyl) polyethylene glycol 1500 (PEG1500N) in an 
inert atmosphere at 120 ºC. Other authors have used the word 
“functionalization” to refer to introduction of specific chemical reactivity 
in passivated CDs. Thus, Gongalves et al. [25–28] passivated CDs with 
HNO3 and then functionalized the resulting p-CDs with refluxing PEG200 
and N-acetyl-l-cysteine (NAC). They also reported a similar 
functionalization method using mercaptosuccinic acid (MSS) [29] instead 
of NAC. 
The great social interest aroused by nanotechnology in recent 
decades has promoted the development of metal nanoparticles, especially 
prominent among which are gold nanoparticles (AuNPs) by virtue of 
their use in a variety of consumer products including cosmetics, foods 
and food packaging, and drinks [30–32]. Such extensive use is probably 
leading to their accumulation in waste-water and bound to have a 
deleterious impact on the environment and living organisms such as fish, 
other animals and plants [33–35]. European Food Safety Authority 
(EFSA) [36] highlights the urgent need to monitor the exposure of 
consumers to nanoparticles. One of the key challenges currently 
confronting the scientific community is the detection and quantitation of 
metal nanoparticles with a cost effective monitoring tool. AuNPs can be 
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identified by UV–visible spectroscopy [37] and Raman spectroscopy 
[38]; however, no specific method for determining AuNPs in complex 
matrices with fluorescence nanoprobes has to date been reported. 
This paper proposes a CD covalent functionalization method 
based on amidation with cysteamine to incorporate thiol ending groups 
onto CD surfaces. The high affinity of thiol groups for gold atoms 
allowed us to develop a selective photoluminescent probe for gold 
nanoparticles (AuNPs). The detection process involves the formation of 
CD–AuNPs nanohybrids via a static quenching mechanism.  The ensuing 
nanosensor allows the direct determination of AuNPs in spiked samples. 
Drinking water and mussel tissues were selected as models of 
environmental and biological matrices; however, different behavior of 
NP inside living organisms is expected owing to the complexity of 
biological processes.  
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2. EXPERIMENTAL  
2.1. Reagents and materials 
Sulphuric acid (95–98 %), nitric acid (69 %), silver nitrate (99 
%), zinc chloride (98 %) and copper(II) sulphate (99 %) were purchased 
from PANREAC,S.A.U. (Barcelona, Spain); tribasic sodium citrate 
(Na3Cit, 99.5 %), gold chloride solution, N,N-diisopropylcarbodiimide 
(DIC, 98 %), cysteamine hydrochloride (98 %), N-hydroxysuccinimide  
(NHS, 97 %), triethylamine (TEA, 99 %), mercury(II) chloride (≥ 99.5 
%), cadmium chloride anhydrous (99 %) and ethylenediaminetetraacetic 
acid (EDTA, 99 %) from Sigma–Aldrich (Madrid, Spain); and 
multiwalled carbon nanotubes from Bayer. Ultrapure water from a 
Millipore apparatus was used to prepare solutions throughout. All 
reagents were used as received, and all glass material and magnetic stir 
bars were cleaned with a 1:3 mixture of HNO3 and HCl prior to use.  
 
2.2. Instrumentation 
Fluorescence emission and absorption spectra were recorded on a 
PTIQuantaMaster
TM
 spectrofluorimeter from Photon Technology 
International equipped with a 75 W xenon short arc lamp and a model 
814 PMT detection system. Felix 32 software was used to collect and 
process fluorescence data. The emission and excitation slit widths were 
both 3nm. All optical measurements were made in 1cm quartz cuvettes 
under ambient conditions. The fluorescence decay of the analytes was 
measured on a Photon Technology International (PTI) Time Master 
fluorimeter equipped with a picoseconds nitrogen laser and a wavelength 
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selector that was used with the dye PLD-366, which contains 2-[1,1-
biphenyl]-4-yl-5-phenyl-1,3,4-oxadiazole (PBD). Astroboscopic detector 
was coupled to a Czerny-Turner monochromator on the emission port. 
The system was connected to a PC via an Ethernet interface and 
governed via Felix 32. The instrumental parameters used were as 
follows: λex= 375, λem= 448 nm, 200 channels, integration time=50 µs, 15 
averages per decay, 5 shots per channel, laser pulse frequency= 5 Hz, 1 
nm excitation and emission slit widths, and a logarithmic collection step. 
Lifetime measurements of deoxygenated solutions were made in 1cm 
closed quartz cuvettes.  
Infrared spectrum was recorded with a Tensor 27 FT-MIR 
spectrophotometer equipped with a Hyperion 2000 microscope, using 
KBr pellets prepared from the samples. 
Raman spectrum of dry CD material deposited onto a glass was 
measured using a Nd-YAG laser of 532 nm. 
CD micrographs were obtained with a JEOL JEM 2010 high-
resolution transmission electron microscope with a point-to-point 
resolution of 0.194 nm that was operated at a medium acceleration 
voltage of 200 kV. One drop of dilute solution of CDs (1:10 v/v) was 
deposited onto a carbon grid and dried under vacuum for 4 h. AuNP 
micrographs were obtained with a PHILIPS CM-10 electron microscope 
with a point-to-point resolution of 0.5 nm and a line-to-line resolution of 
0.34 nm used at a medium acceleration voltage of 100 kV. One drop of 
sample was deposited onto a carbon grid and dried under vacuum in each 
run. 
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Carbon nanoparticles were dispersed by using a Brantonic Ultra-sonic 
3510 apparatus with an output power of 100W and a frequency of 42 kHz 
± 5 %. A Selecta Centronic-BL II centrifuge was also used.  
pH was measured with a Basic 20 pH-meter from Crison in all 
tests.  
 
2.3. Preparation of nanoparticles  
2.3.1. Synthesis and passivation of CDs 
Using the method described elsewhere [15], an amount of 
MWCNTs (0.1 g) was placed in a three-necked flask containing 10 mL 
of a 3:1 H2SO4/HNO3 mixture. The resulting dispersion was refluxed at 
140 ºC for 7.5 h and the low-fluorescence raw CDs (r-CDs) thus formed 
were passivated with acetone to trigger their fluorescence, after which 
they were supplied with 10 mL of acetone and allowed to stand 
overnight. The p-CDs thus obtained were treated with a solution of 
Na2CO3 (10.6 g, 10mmol) and centrifuged at 13000 rpm for 10 min to 
remove amorphous carbon. Afterward, excess of salt was removed via 
crystallization at low temperatures using ethanol. Finally CDs were dried 
and reconstituted with ultrapure water (147 mg·mL
−1
) for their posterior 
use.  
2.3.2. Functionalization of CDs 
In a 25ml two-necked flask, a deoxygenated solution of p-CDs (5 
mL, 29.4 mg·mL
−1
), DIC (100 µL, 1 mmol) and NHS (85.73 mg, 1.2 
mmol) at physiological pH was placed, and magnetically stirred under an 
inert atmosphere for 30 min to trigger carboxylic groups in the CDs. 
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Then, a degassed solution (5 mL) containing triethylamine (5 µL, 
3.58×10
–3
 mmol) and cysteamine (56.5 mg, 0.497 mmol) was added 
dropwise and the mixture stirred for 24 h. Afterwards, higher fluorescent 
CDs (14.7 mg·mL
−1
) were obtained after washing the resulting solution 
with dichloromethane and ethyl acetate until the removal of all by-
products and other impurities.  
2.3.3. Synthesis of gold nanoparticles 
Citrate-capped AuNPs were synthesized according to Frens [39], 
who prepared variably sized AuNPs by using different Na3Cit:HAuCl4 
ratios. TableS1 shows the concentrations and volumes of HAuCl4 and 
Na3Cit, and the size of the nanoparticles. The procedure was as follows: a 
solution of Na3Cit was rapidly added to a boiled solution containing 
HAuCl4·3H2O. Once a colour change from yellow to pink was observed 
after about 15 min stirring, citrate-capped AuNPs were allowed to cool 
under stirring and purified by dialysis for 24h. 
 
2.4. Fluorescence and lifetime assays on CDs in the presence and 
absence of analyte  
These tests were performed with stock solutions prepared by ten-
fold dilution of the corresponding CDs (14.7 mg·mL
−1
) with ultrapure 
water or 3 mM EDTA.  
2.4.1. Fluorescence assays  
Aliquots (500 µL) of the stock solutions and AuNPs (250 µL, 0–
5.82 nmol·L
–1
) were combined and measured at different temperatures 
after standing for 5 min. 
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Fluorescence quenching by AuNPs was described by using the Stern–
Volmer equation:  
I0/I = 1 + Ksv [analyte] 
where I0 is the fluorescence intensity in the absence of analyte, I that in 
its presence and Ksv the Stern–Volmer constant [40].  
2.4.2. Lifetime assays 
Fluorescence decay curves were obtained by combining a 
deoxygenated stock solution of CDs (2 mL) containing EDTA with 
AuNPs (1 mL, 2.19–5.47 nmol·L–1).  
 
2.5. Analysis of samples 
Drinking water was filtered through a nylon membrane of 0.45 
µm mesh. Mussels were bought fresh and transferred to the laboratory for 
analysis. Soft tissue was isolated from the shells, washed with plenty of 
water and frozen at –80 ºC for 24 h. Samples were freeze-dried for 96 h, 
blended and stored in closed vials containing 0.1 g of tissue each at –18 
ºC until use. All samples were washed with ultrapure water several times, 
enriched homogeneously with AuNPs (0.65–2.63 nmol·L–1) and allowed 
to stand for 1 h. AuNPs were extracted with 500 µL of ultra pure water 
and centrifuged at 3000 rpm for 5 min to remove solid impurities. The 
pinkish supernatant obtained was collected to quench the fluorescence of 
CDs as described above. 
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3. RESULTS AND DISCUSSION 
3.1. Preparation and characterization of nanoparticles 
Nanoparticles were obtained in two different sizes by using the 
procedure of Frens [35]. AuNPs were characterized by UV–Visible 
spectroscopy and transmission electron microscopy (TEM). The smallest 
nanoparticles size corresponded to the minimum wavelength. The surface 
Plasmon resonance (SPR) for AuNPs of average size 13 and 35 nm is 
521 and 530 nm, respectively. The average size of each synthetic batch 
was confirmed by TEM (Fig.S1). The concentration of nanoparticles was 
calculated according to Liu et al. [41] (see TableS1).  
 
Scheme1. Synthetic route for raw carbon dots (r-CDs), their subsequent passivation 
with acetone and final functionalization with cysteamine. 
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Low-fluorescence raw CDs (r-CDs) were obtained by following 
the synthetic procedure depicted in Scheme 1, which involves heating 
carbon nanotubes at high temperatures under acidic conditions. The 
procedure of Tao et al. [2] allows fluorescent CDs to be directly obtained 
with no further steps. In our case, it provided non-fluorescent CDs (r-
CDs) which were made highly fluorescent by surface passivation with 
acetone in an acid medium (Fig.1). Under these conditions, acetone was 
degraded to acetic acid and carbon dioxide [42], which allowed the 
incorporation of carboxylic groups onto CD surfaces [15].  
 
Fig.1. (A) Fluorescence spectra for raw-CDs, passivated CDs and functionalized CDs, 
λex: at 375 nm. (B) High-resolution TEM images of functionalized CDs. 
 
Therefore, passivated CDs (p-CDs) were functionalized by 
triggering carboxylic groups with N,N`-diisopropylcarbodiimide as 
coupling agent. Then, the CDs were amidated for 24 h with a solution 
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containing cysteamine and triethylamine. The resulting water-insoluble 
by-product, N,N`-diisopropylurea, was removed simply by washing with 
dichloromethane three times. The ensuing functionalized CDs (f-CDs) 
were also fluorescent; in fact, f-CDs had a 37 % higher fluorescence than 
p-CDs (Fig.1) and a similar lifetime (3.46 ns vs 3.63 ns for p-CDs). The 
emission band for f-CDs at the maximum excitation wavelength (375 
nm) was centred at 448 nm. As described in literature [25–28], the 
possibility of introducing different functional groups on CD surface 
allows tuning their fluorescent features; in that sense, thiol ending groups 
enhance the fluorescence intensity of CDs compared to carboxylic 
groups, being less pH-sensitive than p-CDs, as depicted in Fig.S2. The 
lower pH response of f-CDs maybe due only to the fairly acidic character 
of thiol ending groups, since amides do not have clearly noticeable acid-
base properties in water. As occur in p-CDs [15], in which a decrease of 
the fluorescent intensity is more prominent when increasing the number 
of dissociated carboxylic groups and thus their negatively charges (at 
higher pH), thiols of f-CDs are expected to have negatively charges only 
at very basic pH and, consequently, an important decrease in their 
fluorescence intensity may be observed.  
As it can be seen in Fig.1B, the CDs were 3 nm in size on average 
and, based on their TEM images, spherical in shape and highly 
crystalline.  
FTIR measurements were used to confirm the identity of the 
groups attached to the CD surfaces. In contrast to r-CDs and p-CDs [15], 
the peaks at 1711 and 1651 cm
–1
 in the spectrum for f-CDs was due to 
C=O stretching vibrations in carbonyl and amide bonds. The band at 
1517 cm
–1
 was assigned to C=C stretching. The typical S-H stretching 
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vibrational mode was observed at 2506 cm
–1
 and a broad band at 3040 
cm
–1
 associated to O-H bonds (Fig.S3). 
Raman spectrum of f-CDs is depicted in Fig.S4, in which the 
typical G and D bands indicate the graphitic carbon structure of CDs.  
It is noteworthy the high stability of the water soluble f-CDs at 
room temperature during at least a period of six months, due to the lack 
of any floating or precipitated nanoparticles, and unchanged fluorescent 
features of CD solution. 
 
3.2. CDs as fluorescent chemosensor for sensitive and selective detection 
of AuNPs 
As a consequence of the potential risks of nanotechnology in the 
environment, methods for safe and effective monitoring of AuNPs in 
complex matrices are required. From above results, and thanks to the 
strong affinity of thiols for gold, f-CDs meet well the requirements of a 
fluorescent probe and make possible to develop a simple, fast and 
economic method of AuNP detection. 
3.2.1. Effect of free metal ions on the fluorescence of CDs.  
The inherent fluorescence of CDs could be sensitive towards 
some free metal ions in aqueous solution, such as mercury [25,27,43]. 
Regarding AuNPs as analyte, free gold ions maybe also present in 
solution leading to misunderstanding of results. 
To avoid such interferences, chelating reagents, such as 
ethylenediaminetetraacetic acid (EDTA), are typically used to bind free 
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metal ions, thereby preserving the photoluminescent characteristics of the 
sensor and facilitating the detection of the target analyte. A first set of 
experiments were performed in presence of EDTA and representative 
metal ions (Hg
2+
, Zn
2+
, Cd
2+
, Cu
2+
, Ag
+
, Au
3+
). No changes in the 
fluorescence of CDs were observed in presence of EDTA concentrations 
up to 50 mM. Afterwards, some interfering ions (15 mg·L
−1
) did quench 
CD fluorescence only in absence of EDTA, as shown in Fig.S5; however, 
no effect on the fluorescence when using EDTA concentrations from 2.5 
to 50 mM.  
3.2.2. Optimization of experimental variables in the detection of AuNPs 
Variables such as pH and the EDTA concentration were 
optimized separately. Although the effect of pH was examined over the 
range 5–9, only near-physiological values were obviously acceptable in 
order to avoid degrading AuNPs. pH values lower than 5 were discarded 
because they caused partial dissolution of AuNPs, and so were alkaline 
values because they considerably diminished the fluorescence of p-CDs 
and f-CDs. Solutions at physiological pH were thus used throughout.  
Under these conditions, EDTA concentrations up to 50 mM had 
no effect on the quantitation of AuNPs. The lowest concentration of 
EDTA required to detect specifically AuNPs was 2.5 mM. Therefore, an 
EDTA concentration of 3 mM was selected for subsequent tests. The 
precision thus obtained, as determined from 6 consecutive measurements, 
was 1.1 % as relative standard deviation (RSD).  
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3.2.3. Formation of CD–AuNP nanohybrids 
The fact that CDs were functionalized with thiol ending groups 
led us to expect that they would exhibit modified fluorescent properties 
on reacting with AuNPs. To confirm this assumption, we examined 
fluorescence quenching in p-CDs and f-CDs in the presence of AuNPs 
(0–5.82 nmol·L–1) as analyte. Fluorescence was quenched to a variable 
extent depending on the AuNP concentration. As can be deduced from 
the Stern–Volmer curves of Fig.2, f-CDs exhibit a more marked 
quenching (a higher slope) than p-CDs.  
 
Fig.2. Quenching calibration plot for passivated CDs (p-CDs) and functionalized CDs 
(f-CDs) as compared to variably sized AuNPs. 
 
In all cases, too high concentration of AuNPs caused their 
aggregation, which reflected in a colour change from red to dark purple. 
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Probably, the amount of CDs present under these conditions was 
inadequate to cover the whole surface of AuNPs, which thus became 
unstable and tended to aggregate.  
We calculated the Stern–Volmer constant (Ksv) in order to 
compare fluorescence quenching in the two types of CDs and obtained a 
greater value for f-CDs (0.02) than for p-CDs (< 0.01). 
The underlying quenching mechanism was elucidated from high-
temperature fluorescence measurements and lifetime tests of AuNPs with 
13 nm of narrower average size distribution. Similar fluorescence tests 
carried out at higher temperatures gave us a clue about the origin of the 
quenching. In theory, if raising the temperature decreased Ksv, static 
quenching could be assumed; otherwise (i.e. in the presence of an 
increased diffusion constant reflecting an also increased number of 
collisions), dynamic quenching would be the dominant mechanism. 
Experimentally, increasing the temperature decreased quenching, and 
also decreased association between CDs and AuNPs as a result. Static 
quenching with formation of a complex was therefore assumed and 
subsequently confirmed by lifetime measurements at variable quencher 
concentrations. Samples were prepared in closed cuvettes and 
deoxygenated in order to remove molecular oxygen (a common 
quencher). Tests were performed on f-CDs, using three different 
concentrations of AuNPs over the range 2.19–5.47 nmol·L−1. The 
fluorescence lifetime was virtually identical irrespective of the AuNP 
concentration. The corresponding lifetime spectra are shown in Fig.S6. 
The small fluctuations in lifetime observed (see Table S2) may have 
resulted from instrumental error. Based on these results, the process 
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involves static quenching and the formation of nanohybrids between f-
CDs and AuNPs.  
3.2.4. Interfering metal ions in the detection of AuNPs 
Selectivity of this method was evaluated in the presence of free 
metal ions. Hg
2+
, Zn
2+
, Cd
2+
, Cu
2+
 and Ag
+
 ions show no measurable 
effect on the detection of AuNPs.  
Related to the speciation of gold, the effect of EDTA on the 
quenching of AuNPs and HAuCl4 was also investigated. Quenching was 
slightly more marked in the absence of EDTA from the CD solution used 
to sense undialysed AuNPs than in its presence (Fig.S6), possibly as a 
result of the samples containing free gold ions. Unlike in its absence, 
adding EDTA to the solution for sensing free Au
3+
 ions (with HAuCl4 as 
analyte) resulted in no fluorescence quenching. Based on these results, all 
fluorescence quenching observed in the presence of EDTA (at 3 mM) can 
be exclusively ascribed to the interaction of CDs with AuNPs.  
 
3.3. Performance and validation of the proposed method 
The features of merit of the proposed method using f-CDs to 
detect and quantify AuNPs are presented in Table 1. The method was 
validated by application to drinking water and mussel tissues. 
Preliminary experiments indicate no AuNPs were found in both types of 
samples. Consequently, they were previously enriched with 13 nm 
AuNPs at different concentrations. No matrix effect was found in the 
analysis of drinking water relative to ultrapure water.  
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Table 1. Analytical features of the method for detecting AuNPs of 13nm. 
 
By contrast, spiked mussel tissue exhibited as light matrix effect. 
Table 2 shows the recoveries obtained for spiked mussel samples. In 
spite of other possible interferences of the samples, the described sensing 
system satisfies the practical AuNP detection in complex matrices.  
 
Table 2. Recovery study of spiked mussel tissue. 
  
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
414 
4. CONCLUSIONS 
A method for selectively functionalizing the surface of carbon 
dots (CDs) simply by covalent linking to cysteamine was for the first 
time developed. This amidation-based covalent derivatization procedure 
can open up new avenues for designing carbonaceous nanomaterials with 
a vast variety of uses. As shown here, combining the photoluminescent 
properties of CDs with the affinity of thiol ending groups for gold atoms 
provides an excellent tool for determining AuNPs in a simple, effective 
way.  
Comparing emission intensities at different temperatures and 
lifetime changes as a function of the analyte concentration revealed that 
the process involves static quenching and the formation of CD–AuNP 
nanohybrids.  
The proposed method was successfully validated by determining 
AuNPs in spiked samples, where the presence of EDTA as a chelating 
agent proved to be essential for selective interaction with the target 
analyte versus other metal species present. Drinking water and mussel 
tissues were selected as models of environmental and biological samples. 
Remark that mussel samples were used as future pollutant markers to 
prove the described method; despite that this matrix was used to mimic 
living organisms, a different behaviour could be expected as a result of 
metabolic processes. 
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6. SUPPORTING INFORMATION 
 
 
Fig.S1: TEM images of Gold Nanoparticles with 35 (A and B) and 13 nm of average 
size (C and D). 
 
4 5 6 7 8 9 10
1.50x10
6
1.75x10
6
2.00x10
6
2.25x10
6
2.50x10
6
F
lu
o
re
s
c
e
n
c
e
 I
n
te
n
s
it
y
 /
 a
.u
.
pH
  p-CDs
  f-CDs
 
Fig.S2: Influence of pH on the maximum PL intensity of passivated and functionalized 
Carbon Dots (λex: 375 nm and λem: 448 nm). 
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Fig.S3: FTIR spectrum of functionalized CDs (f-CDs). 
 
 
Fig.S4: Raman spectrum of functionalized CDs (f-CDs). 
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Fig.S5: Fluorescence intensity changes of f-CDs in presence of metal species. 
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Fig.S6: Lifetime spectra of functionalized CDs with AuNPs of 13 nm size. 
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Table S1: Amount of HAuCl4 and Na3Cit used in the synthesis of AuNPs, the 
concentration of AuNPs and the corresponding surface plasmon resonance (SPR) 
bands. 
 
 
 
 
 
 
Table S2: Lifetime intensity decays data of functionalized CDs with AuNPs. 
  
Size AuNPs 
(nm) 
[Na3Cit] 
(mM) 
V Na3Cit 
(mL) 
[HAuCl4] 
(mM) 
V HAuCl4 
(mL) 
Concentration 
(mol/L) 
SPR 
(nm) 
13 38.8 3 1 30 1.3139•10-8 521 
35 40 12.5 0.254 125 4.8532•10-9 530 
[AuNPs]  
(nmol·L-1) 
 ± error (ns)  I0/I 
0  3.466 ± 4.059·10
-2
 1.064 - 
2.19  3.873 ± 5.393·10
-2
 1.272 1.339 
3.28  3.301 ± 9.007·10
-2
 1.183 1.430 
5.47  3.891 ± 1.327·10
-1
 1.108 1.561 
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Reusable sensor based on functionalized Carbon Dots for 
the detection of silver nanoparticles in cosmetics via inner 
filter effect  
Angelina Cayuela, M. Laura Soriano, Miguel Valcárcel* 
Department of Analytical Chemistry, Marie Curie Building. Campus de 
Rabanales, University of Córdoba, E-14071 Córdoba, Spain 
 
Abstract 
We report a low cost selective analytical method based on inner 
filter effect (IFE) for citrate-silver nanoparticle (cit-AgNP) detection, in 
which fluorescent amine-derivatized carbon dots (a-CDs) act as the 
donor and aggregated cit-AgNPs as the energy receptor. Carbon dots 
(CDs) were chemically modified with ethylenediamine (EDA) moieties 
via amidic linkage displaying an emission band at 440 nm. The presence 
of cit-AgNPs produces a remarkably quenching of a-CD fluorescence via 
IFE, since the free amine groups at CD surface induce the aggregation of 
cit-AgNPs accompany by a red-shifting of their characteristic plasmon 
absorption wavelength, which resulted in “turn-on” of the IFE-decreased 
in CD fluorescence. The proposed method, which involves the use of 
chelating agents for removal of metal ions interferences, exhibits a good 
linear correlation for detection of cit-AgNPs from 1.23×10
-5
 to 6.19× 10
-5
 
Analytica Chimica Acta 
872 (2015) 70-76 
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mol·L
-1
, with limits of detection (LOD) and quantification (LOQ) of 
5.17×10
-6
 and 1.72×10
-5
 mol·L
-1
, respectively. This method demonstrates 
to be efficient and selective for the determination of cit-AgNPs in 
complex matrices such as cosmetic creams and reveals many advantages. 
 
 
Highlights 
o Functionalization via amidation reaction of the carbon dots. 
o Carbon dot surface is chemically modified with ethylenediamine 
moieties. 
o High affinity of amine ending groups of CD surface to silver core 
of citrated AgNPs.  
o Reusable and fluorescent nanosensor versus citrated AgNPs. 
o A selective method to determine AgNPs versus other TiO2 NPs in 
a cream is presented. 
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1. INTRODUCTION 
Over the past decades, the large industrial sector of 
nanotechnology is spreading rapidly owing to the many impressive 
applications of nanomaterials for improving our lifestyles thanks to the 
new accurate methods allowing the preparation of well-defined 
nanoparticles with controlled-properties. The extensive use of certain 
nanomaterials, in particular metal nanoparticles, in many consumer 
products without knowing their biodistribution and their accumulation 
effects at elevated levels into the body, have led to the need of 
developing fast and efficient analytical tools for their quantification while 
political alliances and battles lines are starting to form [1-2]. One of the 
most manufactured nanomaterials is AgNPs owing to their biocidal 
effects [3] but also for their optical and catalytic properties; in fact, it is 
present in a large number of everyday items such as cosmetics, soaps, 
plastics, medical products, pastes and food storage packaging, textiles 
[2,4] implying a future risk upon release during the washing or disposal 
in a landfill and further accumulation in river water and so in living 
organisms [5-6]. Among silver nanoparticles, toxicity and stability has 
been proved to be coating-dependant resulting in a higher toxicity and 
less stability for the charge-repulsion stabilized citrate coated AgNPs if 
compared to those containing polymeric coatings such as 
polyvinylpyrrolidone (PVP) which are sterically stabilized [7].  
AgNPs can be identified and quantified by expensive 
instrumentations which require highly skilled operators, such as 
chromatographic techniques including capillary electrophoresis [8-9], 
inductively coupled plasma-mass spectrometry (ICP-MS) [10] or even 
field flow fractionation (FFF) interfaced to ICP-MS [11]; however, there 
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is not fluorescent nanoprobe to determine these noble metal NPs in 
complex matrices without NP dissociation [12-13].  
IFE is known as an annoying source of error in 
spectrofluorometry as a result of an apparent attenuation of the emission 
light by the absorption of emitted radiation by absorbers present in the 
detection environment. However, recent investigations have proved its 
applicability in developing novel fluorescent assays [14]. For example, 
Zhang et al. reported an enzyme biosensing system for catecholics 
detection based on the IFE of CdTe quantum dots [15]. In contrast, other 
authors used metal nanoparticles as energy receptors to detect several 
pollutants through the recovery of the IFE-decreased emission of the 
fluorescent donor [16-17]. Since the changes in the absorbance of the 
absorber translate into exponential changes in fluorescence of the 
fluorophore, the superiority of this approach is based on the enhancement 
of the sensitivity and the reduction of the detection limits of the 
analytical method [18].  
Carbon dots (CDs), with their unique water-soluble, 
biocompatible, tunable surface functionalities and fluorescent features 
[19], constitute promising eco-friendly technological platforms for the 
construction of versatile nanoprobes able to detect selectively a variety of 
contaminants, thus proving to be excellent electron donators and 
acceptors [20-21]. Most notable is their potential as sensor of metal ions 
[22–24], in particular mercury [25–27] but also their sensing properties 
toward nanoparticles [28-29]. Since their initial discovery [30], the 
limitation for their exploitation in analytical chemistry is certainly due to 
their poor selectivity. Herein, we described an alternative strategy to 
design novel fluorescent methods based on the IFE of CDs, which can be 
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conceptually considered as a different approach to other previously 
reported CD-based fluorescent assays [23–29]. Since an effective IFE 
would occur only if a broad overlap exists between the absorption band 
of the absorber and the emission band of the fluorophore, AgNPs are 
adequate candidates owing to their flexible tuned absorption spectrum 
and extremely large extinction coefficient [31]. With the aim of 
highlighting the great potential of CDs as analytical tools, amine-
derivatized CDs (a-CDs) were prepared as the ideal fluorophore. In such 
system a-CDs induce the aggregation of cit-AgNPs whose strong 
absorption band was in the range of the emission of a-CDs resulting in 
fluorescent quenching via IFE. The intensity of the fluorescence of a-
CDs is recovered after filtration of the aggregated cit-AgNPs. Since CDs 
are excellent sensor systems of metal ions, a chelating agent is required 
in the proposed method for removal such interferences. To our 
knowledge, it is the first report about IFE based fluorescent assay using 
CDs as fluorophore for detecting NPs.  
Interestingly, the present investigation exploits both facets of the 
analytical nanoscience and nanotechnology (AN&N) demonstrating the 
use of CDs as analytical tools and AgNPs as analytical objects. 
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2. EXPERIMENTAL 
2.1. Reagents and materials  
Sulfuric acid (95–98 %), nitric acid (69 %), hydrochloric acid (37 
%), ethyl acetate (99.9 %), chloroform, ethanol (99 %), methanol (99.8 
%), silver nitrate (99 %), cobalt(II) nitrate hexahydrate (98 %) and 
copper(II) sulfate (99 %) were purchased from PANREAC, S.A.U. 
(Barcelona, Spain). Ethylenediamine (EDA, 99.5 %), diethylamine 
(DEA, 99.5 %), N,N´-diisopropylcarbodiimide (DIC, 98 %), N-
hydroxysuccinimide (NHS, 97 %), triethylamine (TEA, 99 %), N-Boc-
ethylenediamine (Boc-EDA, 98 %), Kaiser test kit, and 
ethylenediaminetetraacetic acid (EDTA, 99 %), tribasic sodium citrate 
(99.5 %), iron(III) nitrate nonahydrate (98 %), zinc nitrate hexahydrate 
(98 %), calcium nitrate tetrahydrate (99 %), aluminium nitrate 
nonahydrate (98 %), urea, citric acid (99.5 %), D-(+)-glucose (99.5 %), 
gold chloride solution and silver nanoparticles with sizes of 10 and 20 
nm from Sigma–Aldrich (Madrid, Spain). Multiwalled carbon nanotubes 
were purchased from Bayer (Germany). The cosmetic cream used as real 
sample was “Biocura Beauty” and was purchased from a local 
supermarket.  
 
2.2. Instrumentation  
Fluorescence emission and absorption spectra were recorded on a 
PTI QuantaMaster
TM
 spectrofluorimeter from Photon Technology 
International equipped with a 75 W xenon short arc lamp and a model 
814 PMT detection system. Felix 32 software was used to collect and 
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process fluorescence data. Both slit widths at emission and excitation 
were set 6 nm.  
Microscopy images were obtained using JEOL JEM 1400 
Transmission Electron Microscope equipped with a point-to-point 
resolution of 0.38 nm by using an accelerating voltage of 100 kV. 
Sample was prepared by dropping an aliquot of the aqueous mixture on a 
TEM grid (200 mesh, Nickel, carbon only).  
Atomic force microscopy (AFM) images were taken with an 
Integrated AFM/Confocal/Raman spectrometer (alpha500; WITec 
GmbH) using ultrasharp tapping mode tips under ambient conditions in 
the intermittent contact mode (AC). Cantilevers with typical spring 
constants of 42 N/m and nominal resonance frequencies of 285 kHz were 
used. Muscovite Mica type II was used as flat substrate for NP 
deposition.  
Infrared spectra were obtained with a Tensor 27 FT-MIR Bruker 
spectrophotometer equipped with a Hyperion 2000 microscope by using 
samples mounted in KBr pellets.  
Dynamic light Scattering (DLS) measurements were performed 
on a Malvern Zetasizer Nano ZSP at 25 ºC and using ultrapure water as 
dispersant.  
A Brantonic Ultrasonic 3510 (USA) apparatus with an output 
power of 100 W and a frequency of 42 kHz ± 5 % were used for 
dispersing carbon nanoparticles and a Selecta Centronic-BL II was used 
for centrifugation. 
 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
430 
2.3. Titration of passivated CDs with amine molecules 
The passivated CDs (p-CDs) were prepared from multiwalled 
carbon nanotubes according to our previous reports [21]. Afterwards, 
volumetric titrations were performed to calculate the maximum 
concentration of EDA and DEA that p-CDs can bear. Increased 
concentrations of both amines were added to a constant volume of ten-
fold dilution of p-CDs (0.47 mg, 500 µL). Once obtained the maximum 
volume of EDA (35 µL) and DEA (15 µL) at the inflection point, the 
solutions were washed extensively with ethyl acetate to remove the 
excess of amine. In fluorescence (Fig.1A), the maximum excitation 
wavelengths for CDs treated with EDA and DEA were 360 and 370 nm, 
respectively. IR (Fig 1B): ṽmax= 3391 and 3292 (O-H, N-H), 3080–2850 
(C-H), 1634 and 1548 (C=Oamide, C=C) cm
-1
 for EDA-CDs; ṽmax= 3425 
(O-H), 1581 (C=O or C=C) cm
-1
 for DEA treated CDs.  
 
2.4. Synthesis of a-CDs  
In a 25 mL neck flask 100 µL of DIC (1 mmol) and 85.73 mg of 
NHS (1.2 mmol) were added to a 10 mL of deoxygenated p-CDs (0.94 
mg·mL
-1
) at neutral pH. The mixture was stirred under an inert 
atmosphere for 10 min and then 79.16 µL of Boc-EDA (0.5 mmol) and 5 
µL of TEA (3.58·10-3 mmol) were added. The solution was then stirred 
for 20 h at room temperature. The obtained functionalized CDs, Boc-
CDs, were heated at 100 ºC for ten minutes to remove all Boc-protected 
groups and afterwards several washing steps with chloroform to remove 
impurities were carried out. The final a-CD concentration was 13.1 
mg·mL
-1
. In fluorescence (Figs.1A and 2D), the maximum excitation 
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wavelengths for Boc-CDs and a-CDs were 355 and 360 nm, respectively. 
IR (Figs.1B and 2C): ṽmax= 3400–3300 (O-H, N-H), 3081–2922 (C-H), 
1661 and 1548 (C=Oamide, C=C) cm
-1
 for Boc-CDs; ṽmax= 3500 and 3380 
(N-H), 2970 (C-H), 1676 and 1527 (C=Oamide, C=C) cm
-1
 for a-CDs.  
 
Fig.1. Fluorescence spectra of EDA-CDs, Boc-CDs and DEA-CDs at their maximum 
excitation wavelengths (360, 355 and 370 nm, respectively) (A) and FTIR spectra of 
EDA-CDs, Boc-CDs and DEA-CDs (B). 
 
2.5. Determination of amine groups onto CD surface 
To know the content of amine-groups in the functionalized CD 
surface a colorimetric Kaiser test [32] was performed in triplicate. Kaiser 
test solutions containing phenol in ethanol (75 µL), potassium cyanide  in 
pyridine (100 µL) and ninhydrin in ethanol (75 µL) were sequentially 
added to 1mL of the corresponding CDs (p-CDs) as control solution and 
EDA, Boc-EDA and DEA modified CDs. Afterwards, each mixture was 
heated at 100 ºC for 7 min and 2.75 mL of ethanol (60 %) were added 
quickly, being the final volume 3 mL. The solutions were ten-fold diluted 
for their posterior measurements in UV–visible at the absorbance of 475 
nm.  
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2.6. Determination of AgNPs  
For fluorescence assays, increasing concentrations of AgNPs 
(1.23×10
-5
 to 6.19×10
-5
 mol·L
-1
) were added directly to a stock solution 
of a-CDs in EDTA (3 mM) in a 1:1 v/v ratio. The fluorescence and 
absorbance was then recorded at room temperature.  
The effects of metal ions were studied by addition of the metal 
species from a stock solution onto a-CDs with and without AgNPs to the 
desired concentration levels. Furthermore, the effect of the addition of 
EDTA was evaluated in presence and absence of AgNPs.  
 
2.7. Analysis of AgNPs in cosmetics  
To validate the proposed method in a real sample, analysis of 
Biocura Beauty cream was performed as follows: 0.1 g of cosmetic 
cream (blank and samples previously enriched with 4–7 mg of AgNPs) 
were treated with 100 µL of chloroform and 400 µL of 3 mM of EDTA 
solution containing 5 % (v/v) of methanol. After centrifugation of the 
mixture at 1677 g during 5 min, 100 µL of a-CDs were added to 100 µL 
of the obtained aqueous supernatant for fluorescent analyses.  
The same procedure was used to evaluate the influence of 
potential interferences such as other NPs, metal ions or even organic 
molecules – urea, glucose or citric acid – that can be present in creams. 
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3. RESULTS AND DISCUSSION 
3.1. Experimental assays for the preparation and characterization of 
functionalized carbon dots  
Interestingly, luminescent carbon-based NPs, addressed as 
described previously [21], were treated with different amine molecules 
(DEA, EDA and N-Boc-ethylenediamine) to evaluate the superficial 
derivatization dependence of the fluorescence properties. Titration 
experiments of a ten-fold diluted p-CDs solution (maximum excitation 
wavelength at 370 nm) in presence of different amounts of the amine 
were carried out observing differences on the fluorescence excitation and 
emission wavelengths as a function of the superficial moieties, possibly 
related to the available binding sites and type of amine interaction. 
Results indicated that CD maximum excitation wavelength changes to 
lower values reaching 360 and 355 nm for the binding of EDA and 
mono-Boc protected EDA (Boc-EDA), respectively, while in case of 
DEA excitation changes do not occurred, indicating no covalent 
attachment to CD carboxylic groups (Fig.1A). The corresponding 
titration graphs for EDA and DEA are shown in Fig. S1. Indeed, the 
excitation dependent PL behavior is controlled by both size effect and 
surface defects; herein differences in the fluorescence profiles correspond 
to different interaction of the amine molecules to the CD surface.  
With those experiments, functionalization of CDs using Boc-EDA 
was attempted at higher scale by using N,N´-diisopropylcarbodiimide 
(DIC) and N-hydroxysuccinimide (NHS) as coupling reagents. The 
reaction was completed after removal of all Boc-protected groups by 
heating the mixture containing the Boc-CDs at 100 ºC for 10 min. 
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Purification of the obtained a-CDs was performed by washing with 
chloroform. In light of these results, this simple and efficient method 
opens a new synthetic route of further double or triple functionalized 
carbon dots by selective cleavage of the different protecting groups under 
specific conditions [33-34].  
To confirm the existence of free primary amine groups onto CD 
surface, Kaiser tests were performed for all types of CDs using p-CDs as 
control. All experiments were performed thrice. Only positive Kaiser 
tests were obtained for Boc-CDs and a-CDs, displaying an average 
derivatization value of 1.57 mmol·L
-1
 of primary amine groups (119.84 
µmol·g-1). These data suggest that no primary amine groups were 
observed at EDA-CD surface as a result of the covalent attachment of 
both terminal amines of each EDA molecule to the carboxylic groups of 
p-CDs, leaving none primary amine groups free at their surface while in 
case of Boc-EDA, only the available amine can be covalently link to the 
CD surface leaving the other Boc protected amine at the surface as 
terminal moiety; the fact that positive Kaiser tests were obtained in case 
of Boc-CDs suggests that at the experimental conditions (100 ºC) of the 
colorimetric assay the cleavage of Boc groups [35] occurred giving rise 
to the formation of a-CDs with one free primary amine per attached 
molecule decorating their surface. 
Fig.2A and B shows AFM and TEM images of a-CDs thus 
obtained; indeed, spherical-shape nanodots with 3 nm of the average size 
indicate no changes in the initial structure of CDs after functionalization 
occurred [21]. FTIR spectrum (Fig.2C) shows peaks at around 1527 and 
1676 cm
-1
 related to C=C bending and C=O stretching modes of the 
amide linkage, while stretching modes of N-H appear as broad peaks at 
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3380 and 3500 cm
-1
. Moreover, C-H stretching vibration appears at 
around 2970 cm
-1
 whereas bending ones appears around 1400 cm
-1
. The 
1
H NMR spectrum of a-CDs (Fig.S2B) elucidates the presence of 
asymmetric covalently EDA linkage at their surface by one of the amine 
groups. Fig.2D shows both a-CD fluorescence and absorbance spectra 
after removing Boc groups (λexc= 360 nm). The quantum yield of 3 % 
was calculated using quinine sulphate in 0.1M H2SO4 as reference. The 
full width at half maximum (FWHM) for emission band remains 100 nm, 
indicating a homogeneity in the fluorescence defects of the CD surface. 
Such relatively narrow FWHM suggests a narrow size distribution of 
particles, which is consistent to TEM results (see Fig.S3).  
 
Fig. 2. AFM image (A) and TEM image (B) of a-CDs. FTIR spectrum (C) of a-CDs and 
ethylenediamine. Fluorescence and absorption spectra of a-CDs (D). 
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The reproducibility of the preparation of a-CDs using Boc-EDA was also 
examined based on the fluorescence intensity, being the obtained relative 
standard deviation (RSD) of 14.1 %.  
 
3.2. Photoluminescent behavior of a-CDs  
After characterization, the pH dependent PL behavior of a-CDs 
was examined. In fact, the superficial charged distribution level of a-CD 
surface could possibly be altered by changing the solution pH, which in 
turn affects significantly the fluorescence intensity. The influence of pH 
on the fluorescence intensity of the a-CDs was studied from 5 to 9, 
displaying the highest fluorescence intensity (Fig.S4A) at pH 6 without 
any significant changes at neutral pH values attributed to the protonation 
of the superficial primary amines of a-CDs. On the contrary, the PL 
intensity decreases considerably at basic pH values for the neutral amines 
of CDs. The good PL stability over a neutral pH-range makes them of 
valuable use for many analytical and biological applications. Further 
experiments were then performed at neutral pH value.  
Another interesting phenomenon here is the influence of other 
substances such as ethylenediaminetetraacetic acid (EDTA) since CDs 
are known as excellent sensor systems toward metallic ions. Surprisingly, 
no significant changes on the fluorescence intensity of a-CDs up to 10 
mM of EDTA were observed whereas the emission intensity diminished 
slightly at higher concentrations (up to 100 mM), as depicted in Fig.S4B. 
As in other works [29], EDTA concentration of 3 mM was selected for 
removal other interfering metallic ions. 
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Moreover, it was checked whether the amine groups in CDs retained the 
properties of Ag
+
 species and other free metal recognition. For such 
purpose, the quenching behavior of free metal ions on the fluorescence a-
CDs was investigated in presence and absence of EDTA (3 mM) solution 
at neutral pH. As expected, in absence of EDTA higher quenching of the 
fluorescence was observed while in presence of the chelating agent the 
ions did not affect the fluorescent properties of a-CDs; only a scarce 
enhancement of luminescent intensity in presence of Ag
+
 or Au
3+
 species 
were observed (see Fig.S5) possibly due to a classical energy transfer 
upon metal ion complexation [36].  
 
3.3. Evaluation of a-CDs as sensor for AgNPs  
An attenuation of the a-CDs upon cit-AgNP addition similar to 
those observed in presence of metal ions is also observed (Fig.S5). The 
apparent quenching via the IFE on a-CDs upon cit-AgNPs is the result of 
the absorption of the emitting light of CDs by the aggregated AgNPs in 
solution as suggested by UV–visible spectroscopy (Fig.S6); in fact, a-
CDs induce destabilization and aggregation of cit-AgNPs, phenomenon 
that can be ascribed to the electrostatic interaction between the positively 
charged terminals of CD surface and the negatively charged citrate ions 
of AgNPs. Consequently, the optical properties of cit-AgNPs changed 
and the corresponding surface plasmon resonance induced absorption 
peak was shifted from 388 to 480 nm. Since absorption happens as a 
result of the overlapping of the absorber-aggregated NPs-spectrum (380–
500 nm) with the emission spectral band (440 nm) an IFE was expected 
to occur. The size distribution profile of the NPs in solution was found to 
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be over 100 nm by DLS, indicating the formation of aggregates (Fig.S7). 
More direct evidence for the AgNP aggregation comes from the TEM 
images (Fig.3), which can prove the aggregation of cit-AgNPs 
surrounded by a-CDs; in fact, a-CDs were not located around each 
individual AgNPs but almost exclusively around the aggregates possibly 
due to very weak electrostatic attraction between the positively charged 
a-CDs and the negatively charged cit-AgNP agglomerates.  
 
Fig.3. TEM images of a-CDs with 10 nm sized cit-AgNPs. 
 
Evaluation of a-CDs in presence of sodium citrate showed no 
effect on their fluorescent properties and thus the overall effects were due 
almost exclusively to the cit-AgNPs.  
To examine the optical properties, CDs were immersed in high 
concentrated cit-AgNPs (higher than 3.1×10
-5
 mol·L
-1
) solution and 
immediately a slight pinkish color appeared in which a broad band from 
400 to 550 nm is observed by UV–visible spectroscopy in contrast with 
the sharp surface plasmon resonance of cit-AgNPs at 400 nm. It is 
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expected that AgNPs were partially agglomerated by the effect of a-CDs, 
as depicted in Fig.3. In fact, whereas the mixture was then filtered 
through a 0.22 µm pore sized nylon membrane, the pinkish AgNPs were 
retained and free a-CDs passed through the membrane, indicating no 
direct interaction between both NP types.  
Consequently, the reusability of the sensor is feasible since CD 
fluorescence can be switched on by a simply filtration within at least 
three successive cycles. Fig.S8 shows a profile of the fluorescence 
response of a-CDs during sequential cycles observing less than 3 % of 
loss of fluorescence in the third cycle.  
Remarkably, these CDs exhibit a linear fluorescence attenuation 
in presence of both 10 nm and 20 nm sized cit-AgNPs at different 
concentrations, although no effect were observed in case of PVP-coated 
AgNPs. It is well-known that PVP covers and protects the NP surface 
from aggregation conserving their original surface plasmon resonance 
peak at 389 nm. Due to this protecting layer, stable AgNPs-containing 
aqueous dispersion remained unchanged and thus aggregation does not 
occur. Furthermore, other metallic nanoparticles as PVP-AuNPs and cit-
AuNPs were studied and no effect on the fluorescence of CDs was 
observed. It is important to note that in the case of AuNPs the SPR band 
of aggregates cit-AuNPs (over 600 nm) do not overlap the emission band 
of a-CDs and so it is impossible to observe the IFE. As a result, we can 
assume that the method exhibits a real selectivity for cit-AgNPs at the 
experimental conditions.  
As depicted in Fig.4, the quenching response of the fluorescence 
by 10nm sized citrate-coated AgNPs was linear in the concentration 
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range from 1.23×10
-5
 to 6.19×10
-5
 mol·L
-1
 and fitted to the Stern–Volmer 
equation, (I0/I) = 1.0212 + 6252×[ AgNPs], with a correlation coefficient 
of R
2
= 0.992. The high correlation coefficient indicates that the proposed 
method had high detection accuracy. With the aim of demonstrate the 
limitation of the proposed method for the detection and quantification of 
AgNPs, the LOD calculated as three times the standard deviation (SD) of 
the blank divided by the slope of the equation and the LOQ as ten times 
the SD of the blank divided by the slope, were 5.17×10
-6
 and 1.72×10
-5
 
mol·L
-1
, respectively, with a RSD of 4.48%. The influence of the free 
metal ions (3.3 µg·mL-1) in the determination of cit-AgNPs was also 
evaluated. As expected, good results were obtained in presence of EDTA 
(3 mM) for removing the influence of such metal ions on the fluorescent 
response (Fig.S9).  
 
Fig.4. Calibration plot of the quenching of the a-CDs versus cit-AgNPs. Inset: 
photoluminescent response of a-CDs upon addition of various concentrations of cit- 
AgNPs. 
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To verify the potential of the fluorescent a-CDs as sensors of 
AgNPs, the proposed method was validated using a cosmetic cream as 
complex matrix, previously enriched with AgNPs after verifying that no 
AgNPs was present. Table S1 shows the high recoveries obtained at two 
different AgNPs concentrations.  
Although the cream contains oxide NPs, citric acid, urea or 
glucose the recognition capabilities have been confirmed through the 
analyses of creams with high concentrations of such substances. Firstly, 
the cream was previously enriched with high concentrations of TiO2 NPs 
(35 nm), and after following the same procedure as before, detection of 
cit-AgNPs at low concentration (2×10
-5
 mol·L
-1
) was not significantly 
altered in high enriched TiO2-NP cream (Fig.S10) as some lotions might 
contain high sun protection factor. In the other hand, no effect was found 
in the determination of AgNPs in presence of citric acid, urea or glucose 
(Fig.S11).  
These results confirm the viability of this rapid and low cost 
method for the quantitative detection of cit-AgNPs at low concentrations 
in complex matrices via the IFE on a-CDs, which resulted from the 
absorption of the emitting light by aggregated NPs.  
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4. CONCLUSIONS  
We have developed a low cost and reusable fluorescent 
nanosensor based on amine-modified CDs. The preparation of the new 
CDs is simple and reproducible with a RSD of 14.1 %. The experimental 
results show that the sensor correctly reports the concentration of 
exclusively cit-AgNPs via inner filter effects owing to the aggregation of 
cit-AgNPs induced by positively charged CDs. In contrast, under the 
same conditions PVP-AgNPs remained well-dispersed and so did not 
affect to CD fluorescence. After optimization of the experimental 
conditions, an excellent fluorescent sensing system has been developed 
with the use of EDTA for removing possible interfering metal ions. On 
balance, addition of cit-AgNPs to fluorescent a-CDs selectively quenches 
the fluorescence. Furthermore, the agglomerated cit-AgNPs can be easily 
removed by filtration after the detection according to the fluorescent 
signal and thus the CD solution can be reused at least three successive 
cycles with excellent sensing performances.  
The proposed method is characterized by its simplicity, 
reusability, rapid detection and low cost. It has been demonstrated to be a 
promising sensing platform for the detection of metal noble NPs in 
complex matrices.  
The easy surface CD modification with a variety of functionalities 
(such as mono-o bi-protected amine moieties) has opened the possibility 
of detecting many target molecules being a simple, economic and rapid 
strategy for analytical and biological analyses. 
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6. SUPPORTING INFORMATION 
 
 
Fig.S1: Fluorescence titration p-CDs with ethylenediamine and diethylamine at neutral 
conditions. 
 
 
 
Fig.S2: NMR spectra of p-CDs (A) and a-CDs (B). 
A) 
B) 
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Fig.S3: Size distribution of a-CDs. 
 
 
Fig.S4: PL behavior a-CDs versus pH (A) and EDTA concentration (B). 
 
 
Fig.S5: PL behaviour of a-CDs over other metallic species (3.3 µg·ml
-1
) in presence 
and absence of EDTA (3 mM). 
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Fig.S6: UV-Visible (solid lines) and fluorescence (dotted line) spectra of the different 
NPs. 
 
 
Fig.S7: DLS size distribution of agglomerated cit-AgNPs in presence of a-CDs by 
intensity. 
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Fig.S8: Reusability study of the a-CDs after filtration procedure. 
 
 
Fig.S9: PL behavior of a-CDs with AgNPs (3.1·10
-5
 mol·L
-1
) over other ionic species 
(3.3 µg·ml
-1
) in presence and absence of EDTA (3 mM). 
 
1 2 3 4 5 6 7
1st filtration                2nd filtration              3rd filtration 
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Fig.S10: Selectivity a-CDs for a low concentration of AgNPs over a highly enriched 
TiO2 NP cream. 
 
 
Fig.S11: PL behavior of a-CDs with AgNPs (3.1·10
-5
 mol·L
-1
) over organic molecules 
(at 3.3 µg·ml
-1
). 
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Concentration 
added (mol·L
-1
) 
Concentration found 
(mol·L
 -1
) 
Recovery 
(%) 
RSD (%) 
2·10
-5
 1.68·10
-5
 77.4-91.9 6.63 
2.8·10
-5
 2.46·10
-5
 82.2-93.5 6.50 
Table S1: Recoveries of the enriched cosmetic cream.
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BLOQUE V 
 
DISCUSIÓN DE RESULTADOS 
 
DISCUSSION OF RESULTS 
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his block tries to give a general overview of the applied 
research made in the present Doctoral Thesis avoiding 
repetitions of the compilations of articles. To this end, 
the block is divided into three sections according to the sensing media: 
organic, aqueous and gel media, as depicted in Figure V.1.  
With this aim, the first section summarizes the sensing properties 
of CNDs in organic media for the direct determination of nitrotoluene 
compounds. The second section is focused on the determination of 
organic molecules and other nanoparticles in aqueous solution, being this 
last case known as the Third Way of AN&N in which the nanomatter is 
simultaneously used as the tool and the analyte. Finally, the last section is 
dedicated to the determination of metal ions using CQD hydrogels as 
fluorescent sensors.  
 
Figure V.1. A variety of analytical platforms based on carbon (quantum) dots 
accordingly to the sensing media.  
  
T 
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It is important to mention that the strengths and weaknesses of the 
discussed research are pointed out along this block. 
 
 
  
 
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
459 
 
V.1. Nanopuntos de Carbono 
como sensores en medio orgánico 
 
V.1. Carbon Nanodots as sensors 
in organic media 
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N-doped CNDs were synthesized from an amphiphilic polymer 
and their QY is one of the highest reported in the literature until now. 
The sensing capability of the new hydrophobic CNDs as fluorescent 
nanosensors in organic media was investigated for a variety of organic 
compounds which can be classified in electron acceptor and donor 
(Figure V.2). Interestingly, the nitroaromatic systems were the only ones 
to produce significant changes on the fluorescence intensity of N-doped 
CNDs.  
 
Figure V.2. Potential analytes studied using N-doped carbon nanodots as PL sensors. 
 
Nitroaromatic compounds are extensively used as pesticides and 
explosives. 2,4,6-trinitrotoluene (TNT) is an aromatic crystalline 
hydrocarbon frequently used in the military industry or found after 
underwater explosions. TNT can be accumulated in the environment, 
biodegradated into other nitroaromatic compounds and so, it causes lots 
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of diseases such as waterfall, anaemia or even cancer. Thus, TNT 
together with 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-
DNT), 1,3-dinitrobenzene (1,3-DNB), 1,4-dinitrobenzene (1,4-DNB), 3-
nitrotoluene (3-NT) and 2-nitrotoluene (2-NT) were evaluated finding a 
correlation between the PL responses of the N-doped CNDs and the 
number of nitro functional groups of such hydrophobic compounds 
(Figure V.3).  
 
Figure V.3. Chemical structures of the selected nitroaromatic compounds. 
  
In fact, all the selected nitroaromatic compounds produced a 
significant quenching in the fluorescence of N-doped CNDs although 
some differences according to the number and the position of nitro 
functional groups were observed.  
As expected, the highest value of quenching was produced by 
TNT, which possesses the highest number of π-electron withdrawing 
groups. The nitro functional groups pull electrons away from the ring, 
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getting the sp
2
 carbon more electrodefficient on the benzene ring and as a 
result a decrease of 91 % in the fluorescence of N-doped CNDs was 
observed. 
Following thus tendency, aromatic systems containing two nitro 
groups produced the next higher quenching responses, observing a clear 
distinction depending on the nitro group position. Dinitrotoluene has six 
possible isomers but only the two most common (2,4-DNT and 2,6-DNT) 
were studied. The PL of N-doped CNDs in chloroform decreased in more 
extend by 2,4-DNT (51 % of quenching response, similar to the 58 % of 
1,4-DNB) versus the 36 % of 2,6-DNT. It is possible that the two nitro 
groups situtated in para-position promotes the interaction between N-
doped CNDs and the analyte.  
The lowest values of quenching were observed for the compounds 
with only one nitro functional group. As in the case of dinitrotoluenes, 
differences were observed according to the relative stabilities of 
intermediate carbocations resulting from meta and orto substituted 
nitrotoluene. In this case, 3-NT showed a higher quenching response 
followed by 2-NT (30 and 24 %, respectively).  
With those results, we can conclude that N-doped CNDs are 
sensitive to nitroaromatic compounds being the interaction influenced by 
the position and amount of nitro functional groups. 
The mechanism of such PL response is of great interest. Probably, 
it is produced by a photoinduced energy transfer (PET) process in which 
the excited electron is transferred from N-doped CNDs to the acceptor 
nitroaromatic compounds.  
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The PL quenching of N-doped CNDs with increasing 
concentrations of the most dangerous product and by-product, TNT and 
2,4-DNT, were evaluated in detail by proposing a general analytical 
procedure. After extracting the analytes with chloroform, the detection 
was performed in the same organic media; thus, higher concentrations of 
TNT or 2,4-DNT produced higher responses in the PL of CNDs, 
observing a linear correlation in the range of 5-50 μg·mL-1 according to 
the Stern-Volmer equation. Table V.1 summarizes the figures of merit 
obtained for both analytes. 
 
LOD  
(μg·mL-1) 
LOQ  
(μg·mL-1) 
R
2
 a b 
TNT 1.21 4.05 0.999 0.005 0.018 
2,4-DNT 0.67 2.25 0.998 0.023 0.009 
 
Table V.1. Figures of merit obtained in the determination of nitroaromatic compounds. 
(I0/I=a+b[analyte]) 
  
The validation of the proposed method was performed in 
reference soil samples which were spiked at three different concentration 
levels obtaining recoveries in the range of 72.6-98.2 % and 79.1-95.3 % 
for TNT and 2,4-DNT, respectively. 
This proposed method is not suitable for the determination of 
other analytes in organic media owing to the high selectivity towards 
nitroaromatic compounds; however, it is possible to tune their affinity 
towards other molecules by surface functionalization with specific 
groups.  
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V.2. Puntos (Cuánticos) de 
Carbono como sensores en medio 
acuoso 
 
V.2. Carbon (Quantum) Dots as 
sensors in aqueous media 
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Until now, most of applications of carbon (quantum) dots have 
been developed in aqueous media for sensing metal ions owing to their 
excellent water-solubility as a function of the multiple polar groups at 
their surface. For that reason, sensing in aqueous media is of special 
relevance in the present Doctoral Thesis focusing in the detection of 
hydrophilic molecules and nanoparticles. Thus, different types of 
fluorescent sensors, CQDs and CNDs, and diverse functional surfaces 
were investigated to find selectivity towards these two big families of 
target analytes (organic molecules and NPs) using quelating agents to 
remove the metal ion interference. For instance, CQDs and CNDs 
containing carbonyl functional groups exhibit similar PL properties since 
the fluorophores are common, although certain differences allowed their 
uses as sensors of different analytes such as organic molecules or carbon 
nanoparticles. It should be note, that the lifetimes observed at 355 nm 
were 3 and 4 ns for CQDs and CNDs, respectively. 
In addition, the pros and drawbacks of each method are discussed.  
 
V.2.1. DETERMINATION OF ORGANIC MOLECULES  
CQDs synthesized using the top-down methodology from 
MWCNT and passivated with acetone were used for the direct 
determination of different organic molecules in aqueous media. The 
hydrophilic character of such p-CQDs is attributed to the superficial 
carboxylic functional groups.  
The sensing capability of such CQDs was evaluated with different 
families of molecules: electron donor aromatic systems (m-xylene, o-
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xylene and pyrene), electron acceptor aromatic systems (m-nitrophenol, 
2,4-dinitrophenol, 2,4-DNP, and 2,5-dichlorophenol), aliphatic amines 
(ethylamine, triethylamine and histamine), α-aminoacids (phenylalanine 
and tryptophan) and heterocyclic amines (2-amino-3,8-
dimethylimidazo[4,5f] quinoxaline, MeIQx, and 2-amino-3,4,8-
trimethyl-3H-imidazo[4,5f] quinoxaline, 4,8-DiMeIQx). 
After a carefully study, we concluded that the PL of such p-CQDs 
was only affected by the aromatic 2,4-DNP and 4,8-DiMeIQx. 2,4-DNP 
is a very common herbicide whereas the 4,8-DiMeIQx appears as a 
carcinogenic contaminant in burned meat. 
We proposed an electron transfer mechanism between the CQDs 
and the analytes in which the interaction takes place through H-bonds 
and π-stacking interactions. Furthermore, a correlation of the quenching 
effect with the pH of the aqueous media was observed, which means that 
depending on the pH the sensor could determine one or another analyte. 
In the case of 2,4-DNP, higher values of quenching were obtained in 
acidic media due to the absorption of the π–deficient aromatic system 
onto CQD surface induced by the formation of hydrogen bonds. A 
different behavior was observed for the electron donor amine 4,8-
DiMeIQx, which shows the higher value of quenching at neutral pH, 
facilitating the electrostatic interactions.  
The chemical structure of each target analyte and the figures of 
merit obtained with the proposed methods are shown in table V.2.  
We can conclude that only one type of CQDs can be used 
simultaneously as fluorescent nanosensors in aqueous media of different 
organic molecules by selecting the adequate pH value.  
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 Chemical Structure 
LOD 
(μg·mL-1) 
LOQ 
(μg·mL-1) 
 
2,4-DNP 
  
 
0.4 
 
1.32 
 
 
4,8-DiMeIQx 
 
 
 
1.28 4.27 
Table V.2. Chemical structures of 2,4-DNP and 4,8-DiMeIQx and the figures 
of merit of the proposed methods. 
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V.2.2. DETERMINATION OF NANOPARTICLES  
One of the aims of this Doctoral Thesis has been the used of 
carbon (quantum) dots as analytical tools in the “Third Way of the 
AN&N”. For that purpose, different types of carbon (quantum) dots were 
synthesized using both methodologies, top-down and bottom-up.  
CNDs from cellulose microcrystalline were used directly as 
fluorescent nanosensor of carbon nanotubes whereas p-CQDs obtained 
from MWCNTs were further functionalized with amine and β-
cyclodextin molecules to confer them specificity in their surface towards 
a selective type of NPs. A general scheme of the carbon (quantum) dots 
used as tool in the Third Way of the AN&N performed during the Thesis 
working period is shown in Figure V.4.   
 
Figure V.4. Scheme of the use of carbon (quantum) dots in the Third Way of AN&N. 
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On one hand, carbonaceous NPs such as CNTs and C60 were used 
as target analytes owing to the risk that they cause to the human health 
and the environment. Special attention should be paid to water-soluble 
CNTs owing to their similarity to asbestos, and so analytical procedures 
are urgent to determine them.  
CQDs containing carboxylic functional groups were synthesized 
and passivated with acetone as explained in block II but not selectivity 
towards c-MWNTs was observed. However, when CNDs with the same 
carboxylic functional groups were prepared by the bottom-up 
methodology from cellulose microcrystalline, a high quenching response 
was observed in presence of c-MWNTs.   
 Once selected the type of carbon (quantum) dots as effective 
sensor, different types of CNTs were evaluated as the potential analyte, 
finding that the higher values of quenching corresponded to those 
containing carboxylic functional groups onto their surface. Thus, 
hydrogen bonds between both carbon nanomaterials took place resulting 
in a static quenching mechanism as corroborated by variable-temperature 
experiments. In other words, a decrease in the PL quenching when 
increasing the temperature indicates the formation of nanohybrids 
(CNDs-MWCNTs). 
 A more selective method was proposed for the direct 
determination of water-soluble fullerene C60. In this case, the 
functionalization of CQD surface with cyclodextrin was performed for 
the specific inclusion complexation of C60 into the cavitand leading to the 
formation of a host:guest complex between both nanomaterials (CQDs-
C60). 
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On the other hand, the huge variety of applications of noble metal 
NPs such as gold (AuNPs) and silver (AgNPs) and their extensive uses in 
consumer products are nowadays of great concern because of their future 
accumulation in the environment and living organisms and causing 
serious future problems. Thus, we decided to determine them in a wide 
variety of consumer products and in living organism.  
With this aim, we focused our research in designing effective 
nanosensors by surface functionalization. For that purpose, p-CQDs were 
functionalized with two different molecules to confer them by one hand 
“thiol” functional groups, and on the other hand, “amine” functional 
groups onto their surface. This step was essential for tuning their sensing 
responses and makes them more selective towards metal NPs.   
The high affinity of thiol groups of t-CQDs towards gold atoms 
made them suitable as fluorescent nanosensors for AuNP determination. 
A static quenching mechanism was elucidated indicating the formation of 
nanohybrids composed by both types of NPs, CQDs-AuNP.  
On the contrary, no hybrid formation took place using a-CQDs in 
presence of AgNPs, although an efficient AgNP determination was 
possible owing to an attenuation of the fluorescence of a-CQDs by the 
absorption of AgNP aggregates via inner filter effect (IFE). Interestingly, 
it is not possible to determine AuNPs using this sensing probe owing to 
the SPR band of AuNPs do no overlap the emission band of CQDs.  
Based on the above results selective, simple and rapid methods to 
determine oxidized CNTs, C60 and metallic NPs such as AuNPs and 
AgNPs using CNDs, cd-CQDs, t-CQDs and a-CQDs, respectively, were 
successfully developed.  
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A scheme of the nanotools and nano-objects used during this 
Thesis working period as well as with the analytical figures of merit 
corresponding to their proposed methods are shown in Figure V.5.  
 
Figure V.5.  Carbon (quantum) dots and the analytical figures of merit in the Third Way 
of AN&N. 
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V.3. Puntos Cuánticos de Carbono 
como sensores en medio gel 
 
V.3. Carbon Quantum Dots as 
sensors in gel media 
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Generally, carbon nanodots are well-known for their sensing 
properties towards metal ions. In this regard, our previous analytical 
methods for determining other substances incorporated chelating agents 
to avoid such interferences.  
Although many of the publications of fluorescent carbon-based 
nanodots report chemical sensors of metal ions in aqueous media, until 
now very few papers reported the use of carbon (quantum) dot gels. 
Thus, a new urea gelator derived from 5-aminosalicylic acid was 
synthesized and characterized; then, novel carbon (quantum) dot-
hydrogels using 1 wt% of the designed urea and 2 wt% of ionic liquid 
(BMIM-BF4) were prepared for practical sensing applications.  
For all the CQDs and CNDs selected, stable and reproducible 
transparent hydrogels were obtained in a matter of minutes. However, 
only ion sensing gels were obtained with those CQDs prepared via the 
top-down methodology, showing significant changes in presence of metal 
ions (Figure V.6). Thus, a careful comparative of the quenching behavior 
of CQDs containing superficial carboxylic, thiol and amine functional 
groups in presence of several metal ions is addressed. 
 
Figure V.6. Carbon (quantum) dots used for the fabrication of hydrogels with sensing 
responses towards metal ions. 
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The sensing properties of CQDs in presence of Hg
2+
, Pb
2+
, Ag
+
, 
Co
2+
, Mg
2+
, Fe
3+
, Au
3+
 and Cu
2+ 
were evaluated in three different 
situations. First of all, a comparison of the sensing responses of CQDs in 
aqueous solution in absence and presence of the urea gelator is 
addressed, and finally compared to those fluorescent changes observed in 
the hydrogels with the mentioned metal ions. Table V.3 shows those 
cases in which different metal ions considerable quenched the PL of each 
type of CQDs in different sensing media. 
Regards to the sensing responses in aqueous solution, the PL of 
all three functionalized CQDs was moderately quenched by a variety of 
specific metal ions whereas in the presence of the urea only a clear 
sensing response towards Ag(I) ions was observed. The degree of sensing 
response towards Ag(I) ions depends on the superficial functionalities of 
CQDs; thus, those CQDs containing superficial carboxylic and amine 
groups exhibit a considerable enhancement on the PL response with 
silver. 
After the gelification process, specific preferential sites in the new 
assembly towards metal ions were introduced. It is important to mention 
that those gels containing p-CQDs and t-CQDs were more selective 
towards metal ions; p-CQDGs were selective for the detection of Ag(I) 
ions and t-CQDGs for Pb(II) ions whereas a-CQDGs could detect both 
metal ions. In fact, the a-CQDGs were more sensitive for Pb(II) detection 
than t-CQDGs and less sensitive for Ag(I) detection than p-CQDGs. 
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Hg
2+
 Pb
2+
 Ag
+
 Co
2+
 Mg
2+
 Fe
3+
 Au
3+
 Cu
2+
 
Solution 
p-CQDs *       * 
t-CQDs * *    *   
a-CQDs * *  * * *  * 
With urea 
p-CQDs * * *    * * 
t-CQDs  * * *  *  * 
a-CQDs    *    * * 
Gel 
p-CQDGs   *      
t-CQDGs  *       
a-CQDGs  * *    * * 
Table V.3. CQDs in three different conditions and their chemical responses 
towards metal ions. * quenching response ≥1.1. 
 
Based on the above results, we can conclude that depending on 
the surface of CQDs, the presence of other substances and the state of the 
sensing system (gel or solution) their selectivity and sensibility towards 
metal ions can be tuned. This fact opens a new avenue to use such 
chemical sensors in a wide variety of scenarios.  
 Thus, different analytical methods for determining Pb
2+
 and Ag
+
 
were developed using CQDs in gel media. On one hand, the use of a-
CQDGs allowed the detection of Pb
2+
 ions. On the other hand, the 
determination of Ag
+
 ion using p-CQDGs was demonstrated and 
validated in river samples, which were previously spiked, obtaining 
recoveries in the range of 85.4-107.2 %. 
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BLOQUE VI 
 
CONSIDERACIONES FINALES 
 
FINAL CONSIDERATIONS 
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VI.1. Conclusiones  
 
VI.1. Conclusions 
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Las conclusiones generales de la presente Tesis doctoral se 
centran en la síntesis y caracterización de nuevos puntos (cuánticos) de 
carbono, así como en el desarrollado de diversos métodos analíticos para 
la determinación de una gran variedad de analitos diana empleando los 
puntos cuánticos de carbono como sensores fluorescentes. Las 
conclusiones específicas de esta Tesis se describen a continuación: 
- Clarificación de la controversia que existía en la nomenclatura 
de los nanomateriales fluorescentes. Por tanto, se ha diferenciado 
entre metálicos y no metálicos encontrando claras diferencias en 
cuanto a su estructura y al origen de su fotoluminiscencia. 
Además, se han establecido unas pautas para distinguir entre 
puntos cuánticos de grafeno, puntos cuánticos de carbono y 
nanopuntos de carbono. 
Una revisión bibliográfica de las aplicaciones analíticas y 
biomédicas descritas hasta el momento se ha reportado haciendo 
una comparativa con los distintos tipos de nanopuntos 
fluorescentes. 
- Se ha llevado a cabo la síntesis de puntos cuánticos y 
nanopuntos de carbono usando las dos metodologías (de top-down 
y de bottom-up).  
Por un lado, la metodología de top-down partiendo de 
nanomateriales de carbono conduce a la formación de puntos 
cuánticos de carbono mientras que, por otro lado, la utilización de 
moléculas orgánicas como precursores moleculares en la 
metodología de bottom-up da lugar a la obtención de nanopuntos 
de carbono.  
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
486 
Cabe destacar la obtención de nanopuntos de carbono hidrofílicos 
e hidrofóbicos. 
-  Se ha descrito por primera vez la pasivación de los puntos 
cuánticos de carbono con acetona, al constituir una etapa 
fundamental en la preparación de sensores fluorescentes. 
- Se han desarrollado diversas estrategias de funcionalización 
covalente de su superficie con la finalidad de conferirles 
reactividad química específica hacia otros nanomateriales de 
diferente naturaleza. Para ello, se ha descrito la introducción de 
grupos tiol y amino terminales así como de cavitandos en la 
superficie de los puntos de carbono.  
- Se ha desarrollado un método sencillo y reproducible para la 
obtención de hidrogeles fluorescentes basados en puntos 
(cuánticos) de carbono. Además, un estudio comparativo de las 
propiedades de los puntos (cuánticos) de carbono en disolución y 
en forma de hidrogeles ha permitido vislumbrar sus propiedades 
sensoriales frente a diferentes tipos de iones metálicos y 
desarrollar métodos de análisis más eficaces. 
- Caracterización de todas las NPs e hidrogeles obtenidos 
mediante una amplia variedad de técnicas espectroscópicas y 
microscópicas.  
- Se han desarrollado procedimientos nuevos para la 
determinación de analitos en medio acuoso y orgánico empleando 
puntos (cuánticos) de carbono como sensores fluorescentes.  
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- La explotación de la Tercera Vía de la Nanociencia y 
Nanotecnología ha sido relevante en el desarrollo de la presente 
Tesis Doctoral. Se han desarrollado métodos para la 
determinación tanto de nanopartículas metálicas como de 
carbono. 
- Cabe destacar la formación de sistemas híbridos basados en 
CQDs y AuNPs y su caracterización mediante experimentos de 
temperatura variable y tiempos de vida. Tales nanohíbridos se 
obtuvieron únicamente cuando los CQDs fueron funcionalizados 
con grupos tiol, debido a la alta afinidad del azufre por los átomos 
de oro. 
- Se ha demostrado que las AgNPs estabilizadas 
electroestáticamente con citrato tienden a agregarse en presencia 
únicamente de CQDs con grupos amino libres en su superficie, 
siendo posible la determinación de AgNPs mediante el efecto de 
filtro interno. 
- Destacar que la funcionalización de CQDs con cavitandos 
permitió la formación de complejos de inclusión con fullereno 
C60, siendo posible su determinación cuantitativa en muestras de 
agua. 
- Resaltar que no sólo se han determinado nanopartículas sino que 
también han sido objeto de estudio diferentes moléculas orgánicas 
e iones metálicos. 
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- En los procesos analíticos desarrollados se han realizado 
estudios de interferentes, y por consiguiente se han validado en 
muestras medioambientales y en productos de consumo. 
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The general conclusions of the present Doctoral Thesis focuses on 
the synthesis and characterization of new carbon (quantum) dots and the 
development of various analytical methods for the determination of a 
great variety of target analytes using carbon quantum dots as fluorescent 
sensors. The specific conclusions of the thesis are described the follow:  
- Clarification of the controversy existed in the nomenclature of 
fluorescent nanomaterials. Thus, metallic and non-metallic were 
distinguished finding clear differences in their structures and the 
origin of their photoluminescence. The guidelines to distinguish 
between GQDs, CQDs and CNDs have also been established. 
An overview of the analytical and biomedical applications is also 
described, making a comparison with the different types of 
fluorescent nanodots. 
- It has been performed the synthesis of CQDs and CNDs using 
the two methodologies (top-down and bottom-up).  
On one hand, the top-down methodology using carbon 
nanomaterials led to the formation of carbon quantum dots 
whereas, on the other hand, the use of organic molecules as 
precursors in the bottom-up methodology gives rise to carbon 
nanodots. 
Highlight the preparation of hydrophilic and hydrophobic carbon 
nanodots. 
- It was described for the first time the passivation of CQDs with 
acetone, being considered as an essential step in the preparation of 
fluorescent sensors. 
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- We have developed various strategies of functionalization with 
the aim of conferring them specific chemical reactivity towards 
other nanomaterials of different nature. For that purpose, the 
introduction of thiol and amino terminal groups as well as 
cavitands onto the nanodots surface is described. 
- A simple and reproducible procedure to prepare hydrogels based 
on fluorescent carbon (quantum) dots was developed. In addition, 
a comparative study of the properties of carbon (quantum) dots in 
solution and hydrogels allowed seeing their sensing responses 
towards different types of metal ions and developed more 
effective analytical methods. 
- Characterization of all types of nanoparticles and the obtained 
hydrogels by a great variety of spectroscopic and microscopic 
techniques. 
- New procedures for the determination of analytes in aqueous 
solutions and organic media using carbon (quantum) dots as 
fluorescent sensors were developed.  
- The exploitation of the Third Way of Analytical Nanoscience 
and Nanotechnology was relevant in the development of this 
Doctoral Thesis. Thus, methods for the determination of both 
carbon and metal nanoparticles have been proposed. 
- Note the formation of hybrid systems based on CQDs and 
AuNPs and its characterization by lifetime experiments and 
variable-temperature studies. Such nanohybrids were obtained 
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only when CQDs were functionalized with thiol groups owing to 
the high affinity of sulfur to gold atoms. 
- It has been shown that the electrostatically stabilized citrate-
AgNPs tend to aggregate in the presence of only those CQDs 
containing superficial amino groups, being possible the 
determination of AgNPs by IFE mechanism.  
- Highlight the formation of inclusion complexes between CQDs 
containing cyclodextrin moieties and fullerene C60, being possible 
the quantitative determination of C60 in water samples. 
- Emphasize that not only nanoparticles but also organic 
molecules and metal ions were considered as target analytes. 
- In the developed analytical processes interfering studies were 
performed, and therefore, the analytical procedures were validated 
in environmental samples and in consumer products. 
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VI.2. Autoevaluación científica  
 
VI.2. Scientific self-assessment 
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La presente Tesis Doctoral proporciona una visión general del 
trabajo desarrollado durante mi etapa formativa, mostrando como 
principales aportaciones la síntesis y caracterización de diferentes puntos 
(cuánticos) de carbono, así como el desarrollo de métodos analíticos para 
la determinación de moléculas orgánicas, nanopartículas e iones 
metálicos en diferentes muestras. Sin embargo se incluye una autocrítica 
para mostrar los logros así como las carencias y limitaciones de la 
investigación llevada a cabo y así poder planificar futuras líneas de 
investigaciones.  
Se han utilizado una gran variedad de técnicas, tanto 
espectroscópicas como microscópicas, para la caracterización de los 
nanomateriales; si bien, es cierto que no todas ellas han sido utilizadas 
para caracterizar todos los puntos (cuánticos) de carbono sintetizados 
debido a problemas de interferencias provocados por su elevada 
fluorescencia o por el bajo contraste del carbono. Además, mencionar 
que otras técnicas espectroscópicas (espectroscopía de fotoelectrones de 
rayos X o de absorción atómica), cromatográficas o no cromatográficas 
(electroforesis capilar) se podrían haber utilizado.  
Las metodologías desarrolladas han sido validadas en muestras 
ambientales (aguas y suelos) y productos de consumo (cremas y 
mejillones), a excepción de los métodos propuestos para la determinación 
de aminas heterocíclicas y nitrofenoles en medio acuoso, que no han sido 
aplicadas a muestras reales. 
Se ha conseguido preparar puntos (cuánticos) de carbono de 
distinta naturaleza (con y sin confinamiento cuántico) y con carácter 
tanto hidrófilo como hidrófobo utilizando las metodologías de top-down 
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y bottom-up. Resaltar las etapas de funcionalización efectuadas para 
alcanzar una reactividad química específica hacia ciertos analitos, 
consiguiéndose así excelentes resultados de selectividad. Mencionar que, 
si bien se evaluaron los posibles interferentes para cada método, sería 
conveniente realizar un estudio de selectividad más exhaustivo 
monitorizando los cambios en fluorescencia de cada uno de los puntos 
(cuánticos) de carbono. 
Los hidrogeles de puntos (cuánticos) de carbono fueron obtenidos 
de una manera sencilla y rápida empleando un derivado de urea como 
agente gelificante. Destacar que pocos trabajos hay descritos hasta el 
momento en este ámbito. Además de la preparación de estos geles 
fluorescentes, se ha conseguido con éxito desarrollar dos procedimientos 
analíticos para determinar iones metálicos, en particular iones de plomo e 
iones de plata en muestras acuosas.  
Sensores en diferentes medios y formatos (disueltos en medios 
orgánico y acuoso o en forma de gel) se han empleado para la 
determinación de analitos diana; no obstante, se quedaría abierta la 
posibilidad de estudiar otro tipo de moléculas como analito, tales como 
drogas y marcadores biológicos empleando esta variedad de sistemas 
fluorescentes.  
También destacar que el empleo de otras etapas de tratamiento de 
muestra como es la preconcentración serían de gran interés químico-
analítico para mejorar los límites de detección y cuantificación obtenidos. 
Resaltar que no se han hecho ensayos biológicos ni estudios de 
toxicidad de los puntos (cuánticos) de carbono sintetizados, lo cuál sería 
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bastante aconsejable y está dentro de nuestros próximos proyectos de 
trabajo.  
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This Doctoral Thesis provides an overview of the work performed 
during my formative stage, showing as major contributions the synthesis 
and characterization of different carbon (quantum) dots, and the 
development of analytical methods for the determination of organic 
molecules, nanoparticles and metal ions in different samples. However, a 
self-assessment is provided to show the achievements as well as the 
drawbacks and limitations of the research, and thus, be able to plan new 
research lines. 
We used a variety of both spectroscopic and microscopic 
techniques for the characterization of nanomaterials; but not all of them 
have been used with all the carbon (quantum) dots synthesized due to the 
interference problem caused by their high fluorescence or even to the low 
contrast of carbon. Also other spectroscopic techniques (X-ray 
photoelectron and atomic absorption spectroscopy), chromatographic or 
non-chromatographic (capillary electrophoresis) could have been used. 
The developed methodologies were validated in environmental 
samples (water and soil) and consumer products (creams and mussels); 
with the exception of the proposed methods for the determination of 
heterocyclic amines and nitrophenols in aqueous media, which were not 
applied in real samples. 
A variety of carbon (quantum) dots of different core nature (with 
and without quantum confinement) and with hydrophobic and 
hydrophilic character have been successfully prepared using the top-
down and bottom-up methodologies. Remark the functionalization as a 
crucial step for conferring a specific chemical reactivity towards certain 
analytes, thus achieving high selectivity and excellent results. Comment 
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that, although interfering experiments were evaluated, a more exhausted 
study monitoring the PL changes of each carbon (quantum) dots could be 
of interest.  
Carbon (quantum) dot hydrogels were obtained in a simple and 
fast way using an urea compound as gelator. Underline that few studies 
are reported until now in this area. In addition to the preparation of such 
fluorescent gels, we have successfully developed two analytical 
procedures for the determination of metal ions in aqueous media, in 
particular lead and silver. 
Sensors in different media and states (dispersed in organic or 
aqueous media and in gel format) were used for the determination of 
target analytes; notwithstanding these diversity of sensors, remains open 
the possibility of evaluate other target analyte, as for instance drugs and 
biological markers, using such variety of fluorescent systems.  
Remark also the use of other sample pretreatment steps as for 
instance the preconcentration could improve considerably the limits of 
detection and quantification obtained. 
No biological tests or toxicity studies have been performed for the 
prepared carbon (quantum) dots, so it would be quite desirable, and so, it 
remains a future upcoming work project in the future.  
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ANEXOS 
 
PRODUCCIÓN CIENTÍFICA 
SCIENTIFIC PRODUCTION 
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Anexo 1. Publicaciones derivadas 
de la Tesis Doctoral   
 
Annex 1. Publications derived 
from the Doctoral Thesis  
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1. Strong luminescence of Carbon Dots induced by acetone 
passivation: Efficient sensor for a rapid analysis of two different 
pollutants.  
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
Analytica Chimica Acta 804 (2013) 246– 251 
 
2. Functionalized Carbon Dots as sensors for gold nanoparticles in 
spiked samples: Formation of nanohybrids.  
Angelina Cayuela, M. Laura Soriano, M. Carmen Carrión and Miguel 
Valcárcel 
Analytica Chimica Acta 820 (2014) 133-138 
 
3. Photoluminescent Carbon Dot sensor for carboxylated multi-
walled carbon nanotube detection in river water.  
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
Sensors and Actuators B 207 (2015) 596–601  
 
4. Reusable sensor based on functionalized Carbon Dots for the 
detection of silver nanoparticles in cosmetics via inner filter effect.  
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
Analytica Chimica Acta 872 (2015) 70–76  
 
5. Fluorescent Carbon Dot–molecular salt hydrogels.  
Angelina Cayuela, Stuart R. Kennedy, M. Laura Soriano, Christopher D. 
Jones, Miguel Valcárcel and Jonathan W. Steed. 
Chemical Science 6 (2015) 6139-6146 
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6. Semiconductor and carbon-based fluorescent nanodots: The need 
for consistency   
Angelina Cayuela, M. Laura Soriano, Carolina Carrillo-Carrión and 
Miguel Valcárcel 
Chemical Communications, 52 (2016) 1311-1326 
 
7. β–cyclodextrin functionalized Carbon Quantum Dots as sensors 
for determination of water-soluble C60 fullerenes in water    
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
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8. One-step synthesis and characterization of N-doped Carbon 
Nanodots for sensing in organic media     
Angelina Cayuela, Carolina Carrillo-Carrión, M. Laura Soriano and 
Miguel Valcárcel 
Analytical Chemistry (accepted with revision) 
 
9. Fluorescent Carbon Quantum Dot hydrogels for direct 
determination of silver ions  
Angelina Cayuela, M. Laura Soriano, Stuart R. Kennedy, Jonathan W. 
Steed and Miguel Valcárcel. 
Talanta 151 (2016) 100-105 
 
10. Carbon nanotools as sensors and sorbents in the Third Way of 
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Angelina Cayuela, Sandra Benítez-Martínez and M. Laura Soriano 
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Anexo 2. Asistencia a congresos   
 
Annex 2. Conference papers 
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1. XXIII Reunión Nacional-VII Congreso Ibérico  
Angelina Cayuela, Bartolomé M. Simonet and Miguel Valcárcel 
“Síntesis y caracterización de Carbon Dots” 
Póster, Córdoba, 17-20 de Septiembre de 2012 
 
2. Encuentro sobre Nanociencia y Nanotecnología de Investigadores 
Andaluces (NANOUCO)  
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
“Síntesis de Carbon Dots a partir de diferentes precursores: 
Determinación directa de fenoles” 
Póster, Córdoba, 7-8 de Febrero de 2013 
 
3. Congreso Científico de Investigadores en Formación de la 
Universidad de Córdoba  
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
“Carbon Dots como herramientas nanotecnológicas para la 
determinación de contaminantes” 
Oral, Córdoba, 9-10 de Abril de 2013 
 
4. VI Workshop en Nanociencia y Nanotecnologías Analíticas 
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
“Formación de Nanopartículas Híbridas entre Carbon Dots y 
Nanopartículas de oro: Aplicaciones Analíticas” 
Póster, Alcalá de Henares, 8-9 de Julio 2013 
 
5. XVI Reunión del Grupo Regional de la Sociedad Española de 
Química Analítica 
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
512 
“Nuevos Carbon Dots fluorescentes sintetizados a partir de celulosa 
micro-cristalina por la metodología de “abajo-arriba”: un nanosensor 
eficiente para c-MWCNTs” 
Póster, Baeza, 26-27 de Junio 2014 
 
6. IEEE Nanotechnology Materials and Devices Conference 2014 
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
 “Carbon Dots funcionalizados como nanosensor fluorescente de 
nanopartículas metálicas” 
Oral, Aci-Castello (Italia), 12-15 de Octubre de 2014 
 
7. Congreso Científico de Investigadores en Formación de la 
Universidad de Córdoba 
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
“Carbon Dots: Síntesis, Caracterización y Aplicaciones Analíticas” 
Oral, Córdoba, 18-19 de Noviembre 2014 
 
8. Encuentro sobre Nanociencia y Nanotecnologías de Investigadores 
y Tecnólogos Andaluces (NANOUCO) 
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
“Determinación de Nanopartículas de Plata usando Carbon Dots como 
nanosensor químico” 
Póster, Córdoba, 5-6 de Febrero de 2015 
 
9. VII Workshop en Nanociencia y Nanotecnologías Analíticas 
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
“Carbon dots como nanosensores fluorescentes en la tercera vía de la 
nanociencia y nanotecnología analíticas” 
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Oral y póster, Salamanca, 6-8 de Julio de 2015 
 
10. XVIII Euroanalysis 
Angelina Cayuela, M. Laura Soriano and Miguel Valcárcel 
“Un resumen de los recientes avances de los nanopuntos fluorescentes 
en el campo de la Nanociencia y Nanotecnología Analíticas” 
M. Laura Soriano, Celia Ruiz-Palomero, Angelina Cayuela and Miguel 
Valcárcel 
“Extracciones innovativas y nanomaterials sensores: tercera vía de la 
Nanociencia y Nanotecnologías Analíticas”  
Póster y oral, Burdeos (Francia), 6-10 de Septiembre de 2015 
 
11. Workshop bioMAPP15 
Carolina Carrillo-Carrión, Angelina Cayuela, M. Laura Soriano,  
Wolfgang Parak and Miguel Valcárcel 
“Hydrophobic N-doped Carbon Dots for sensing applications”  
Póster, San Sebastián, 19-20 de Octubre de 2015  
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Anexo 3. Pósters   
 
Annex 3. Posters 
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Anexo 4. Actividades de 
divulgación    
 
Annex 4. Divulgation activities  
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Sensores fluorescentes permiten detectar la 
presencia de nanopartículas nocivas para la salud y 
el medio ambiente (UCOnews) 
 
La Universidad de Córdoba desarrolla metodologías para la 
detección de nanomateriales nocivos, cuya producción alcanza las 
miles de toneladas al año 
Las nanopartículas, imperceptible al ojo humano, son de tamaño 
nanométrico, tan pequeñas que en cada cabello humano cabrían decenas 
de miles de ellas. Hasta hace unas décadas, no había gran conocimiento 
en torno a ellas. Ahora, el elevado desarrollo de la nanotecnología ha 
motivado que se produzcan miles de tonelada al año de estos materiales 
nanoscópicos. La Universidad de Córdoba ha desarrollado una serie de 
sensores nanométricos inocuos y biocompatibles con los que determinar 
y cuantificar otras nanopartículas tóxicas acumuladas en los recursos 
naturales y los organismos. 
Cien nanómetros es la diezmilésima parte de un milímetro. 
También es la longitud mínima de una de las dimensiones de un objeto 
para ser considerado nanopartícula. La nanotecnología ha motivado un 
gran desarrollo de nanomateriales en campos tan diversos como las 
ciencias de la salud, la cosmética o la electrónica en los últimos años. En 
el campo sanitario, por ejemplo, se han empezado a diseñar fármacos, 
instrumentales médicos y equipos analíticos que incorporan objetos a 
escala nanométrica. Los nanomateriales también son muy útiles en 
electrónica porque su mayor área superficial permite crear dispositivos 
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con más capacidad de almacenamiento de datos, rapidez en el procesado 
o menor consumo de energía, e incluso ha llegado al consumidor en 
forma de cosméticos, protectores solares y ropa. 
Sin embargo, todo éste rápido desarrollo contrasta con el bajo 
conocimiento toxicológico que tiene sobre la salud y el medio ambiente. 
La Comisión Europea considera, a través de su comité científico de los 
riesgos sanitarios emergentes y recientemente identificados (CCRSERI) 
que con los métodos actuales, aunque adecuados para evaluar muchos de 
los riegos derivados de productos y procesos que incorporan las 
nanopartículas, es posible que no sean suficientes para cubrir todos los 
riesgos. La Comisión Europea aboga por crear nuevas metodologías que 
consigan determinar las propiedades físicas y químicas de las 
nanopartículas y evaluar el riesgo potencial en sistemas vivos y en el 
medio ambiente. 
 
Línea de investigación  
En esta línea, un equipo de científicos del departamento de 
Química Analítica de la Universidad de Córdoba y el Campus de 
Excelencia Internacional Agroalimentario ceiA3 formado por Prof. 
Miguel Valcárcel, Laura Soriano y Angelina Cayuela ha desarrollado con 
éxito el uso de un tipo de nanopartículas no nocivas y compatibles con el 
medio ambiente, los Carbon Dots, como nanosensores fluorescentes. 
Estos nuevos nanomateriales de carbono se conocieron por primera vez 
en 2004 como una excelente alternativa a los ya nocivos Quantum Dots 
que fueron muy empleados en multitud de aplicaciones hasta descubrir su 
toxicidad al contener elementos pesados. No son las únicas 
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nanopartículas nocivas que se conocen; también están las nanotubos de 
carbono o las nanopartículas metálicas (oro y plata) y de titanio, entre 
otras. 
Los nanotubos de carbono son muy utilizados en textiles, baterías 
y electrónica, mientras que las nanopartículas metálicas son muy usadas 
en cosméticos, comidas, productos farmacéuticos e incluso en la industria 
textil. Las nanopartículas de plata incluso se han llegado a usar como 
agente antimicrobiano y eliminación del olor en calcetines. La industria 
valora la enorme utilidad que presentan todos estos nanomateriales, 
aunque existen ciertos inconvenientes relacionados con la toxicidad, 
como por ejemplo la similitud de los nanotubos a las fibras de asbesto 
que son fácilmente inhaladas y desplazadas por el cuerpo hasta los 
pulmones causando severas enfermedades respiratorias. Tras la 
producción creciente de nanotubos para multitud de aplicaciones, los 
científicos están haciendo un llamamiento para crear herramientas 
sencillas que evalúen la acumulación de éstas en el medio ambiente y 
organismos vivos. 
Por ello, el equipo de investigación de la UCO (FQM-215) se ha 
centrado en el uso de los Carbon Dots como sensores fluorescentes 
selectivos de estas nanopartículas en el medio ambiente analizando aguas 
de los ríos. “Son necesarios nuevos métodos de detección y 
cuantificación de nanotubos de carbono debido a que se producen 
actualmente miles de toneladas al año y, en un plazo de veinte o treinta 
años, su acumulación puede llegar a ser un riesgo severo para la salud y 
el medio ambiente”, explica Angelina Cayuela, investigadora de la UCO. 
  
Contributions to developments of carbon (quantum) dots as  
fluorescent sensors 
 
530 
Los investigadores han publicado resultados de estas 
investigaciones en las revistas Sensor and Actuators B: Chemical y 
Analytica Chimica Acta. El objeto de dar a conocer los resultados de esta 
investigación es acercar estas metodologías a las diferentes industrias 
interesadas. “Estamos especialmente satisfechos con los resultados que 
arrojan estos sensores fluorescentes en agua de río, en mejillones y en 
cosméticos”, explica Cayuela. Estos sistemas podrían ser de utilidad para 
empresas decidadas al tratamiento de aguas o a la creación de productos 
de belleza. 
 
Enlaces nota de prensa 
http://noticiasdelaciencia.com/not/13971/sensores-fluorescentes-permiten-
detectar-la-presencia-de-nanoparticulas-nocivas-para-la-salud-y-el-medio-
ambiente/ 
http://www.uco.es/uconews/es/article/sensores-fluorescentes-permiten-
detectar-la-presencia-de-nanoparticulas-noc/ 
http://cordopolis.es/2015/05/06/sensores-fluorescentes-para-detectar-
nanoparticulas-nocivas/ 
http://www.cienciaxplora.com/sinc/sensores-fluorescentes-para-detectar-
nanoparticulas-nocivas_2015050600086.html 
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Photoluminescent carbon dots sensor for 
carboxylated multiwalled carbon nanotube 
detection in river water (Advances in Engineering) 
 
Abstract 
Inexpensive bright photoluminescence carbon dots (CDs) 
generated from the “bottom-up” procedure using cellulose as carbon 
source have proven to be a potential fluorescent platform for sensing 
multiwalled carbon nanotubes (MWCNTs) accumulated in river water 
after industrial discharges by a simple, rapid and efficient luminescent 
method. 
 
Graphical abstract Advances in Engineering 
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 Significance Statement 
Carbon dots (CDs), represented as an exciting new class of 
oxygen-containing carbonic emitters since their inspective discovery in 
2004, have inspired multiple investigations as sensing platform in a wide 
range of applications regarding to their fascinating optical and 
fluorescence properties. Contrary to the low toxicity and high 
biocompatibility of carbon dots, other carbonaceous nanomaterials such 
as carbon nanotubes (CNTs) that are extensively used in electronics and 
batteries with a production of thousands of tons per year are known to be 
the new oncoming nano-contaminant due to their high toxicity to living 
organisms. Herein, we described a simple and low-cost sensing method 
to detect and quantify carboxylated multiwalled CNTs that are produced 
from the industry pollution and diesel combustion and accumulated in 
river water. 
Low-cost fluorescent carbon dots were created from the most 
abundant polymer on Earth, cellulose, via acid thermal hydrolysis by 
one-pot reaction without the need of any further passivation or 
functionalization reactions. 
The detection of c-MWCNTs is based on the fluorescence 
quenching of carbon dots owing to the formation of hydrogen bond 
interactions between the oxygen-containing groups of both types of 
nanoparticles. Quenching mechanism is assumed from variable-
temperature fluorescence measurements. The detection and quantification 
limits were 0.37 and 1.25 g·mL
−1
, respectively, and the relative standard 
deviation was 0.83 %. 
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Thus, other carbonaceous materials such as single-walled carbon 
nanotubes (SWCNTs), graphene-based products and even humic acids 
(HA) were evaluated as potential interferences. Contrary to carboxylated 
MWCNTs, none of the carbonaceous selected interferences did quench 
significantly the PL of carbon dots. The validation was performed in 
spiked samples for Guadalquivir River. 
 
Enlace 
https://advanceseng.com/nanotechnology-engineering/photoluminescent-
carbon-dots-sensor-for-carboxylated-multiwalled-carbon-nanotube-
detection-in-river-water/ 
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Desarrollan un sensor fluorescente que detecta 
sustancias tóxicas en productos de cosmética en un 
minuto (Fundación descubre) 
 
Investigadores de la Universidad de Córdoba han probado en 
laboratorio este nuevo método que, en apenas sesenta segundos, 
identifica la presencia de elementos nocivos como las nanopartículas 
de plata en cremas de belleza 
Titular web: Sensores fluorescentes que descubren los secretos de las 
cremas de belleza 
El grupo de investigación formado por el Prof. Miguel Valcárcel, 
la Dra. M. Laura Soriano y la Lda. Angelina Cayuela del Departamento 
de Química Analítica, de la Universidad de Córdoba, ha probado en 
laboratorio un nuevo sensor fluorescente que detecta nanopartículas de 
plata en cremas de belleza en un minuto. Algunas de estas sustancias, 
imperceptibles al ojo humano, se caracterizan por su toxicidad por lo que 
su uso, según indican los expertos, podría suponer un riesgo para la salud 
a largo plazo. Para identificarlas, se ha desarrollado un método analítico 
rápido y económico destinado no sólo a la industria cosmética, sino 
también a aquellas empresas que miden la acumulación de estos 
nanomateriales en otros ámbitos como la aguas de los ríos. 
Las nanopartículas de plata están presentes en cantidades muy 
pequeñas en objetos de la vida cotidiana: jabones, plásticos, textiles –por 
ejemplo en calcetines donde actúan como agente antimicrobiano  
eliminando el olor- o en productos farmacéuticos y electrónicos. 
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También llegan al medio ambiente, ya que el agua utilizada en estos 
procesos industriales es tratada en depuradoras para, posteriormente, ser 
usada en regadíos y cultivos. 
Los investigadores inciden en que estas sustancias no suponen 
ningún riesgo para la salud debido a que su presencia en estos artículos es 
ínfima. “Sin embargo, su acumulación podría tener efectos nocivos en un 
plazo de veinte o treinta años por lo que hemos desarrollado un sensor 
para cuantificarlas de forma sencilla y eficaz”, explica a la Fundación 
Descubre la doctoranda que está llevando a cabo este proyecto, Angelina 
Cayuela, de la Universidad de Córdoba. 
La novedad de este detector con respecto a otros dispositivos 
utilizados con el mismo fin es que identifica las nanopartículas a través 
de la fluorescencia. “El sensor está formado por unas nanopartículas 
esféricas de carbono fluorescentes cuya intensidad varía dependiendo de 
la cantidad de plata”, relata. 
La detección se realiza de forma inmediata ya que los resultados 
se obtienen en un minuto.  “La rapidez es la ventaja principal de este 
método. Lo único que hay que hacer es poner una pequeña cantidad de 
muestra de crema en el sensor y medir la respuesta que emite la 
fluorescencia con el instrumental adecuado. En sesenta segundos 
tenemos resultados”, continúa la experta.  
El dispositivo también destaca por su sencillez y un coste 
económico asequible ya que, según los investigadores, los otros métodos 
utilizados para determinar nanopartículas de plata necesitan una 
tecnología más compleja que incrementa el precio del sensor. 
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Un imán de luz  
Las conclusiones de este estudio se describen en el artículo 
„Reusable sensor based on functionalized carbon dots for the detection of 
silver nanoparticles in cosmetics via inner filter effect‟, publicado en la 
revista Analytica Chimica Acta. Así, para el diseño del sensor, los 
investigadores han recurrido a los carbon dots, un nanomaterial inocuo y 
compatible con el medio ambiente, que ya habían utilizado para detectar 
otro tipo de sustancias.  
Sobre los carbon dots se coloca una sustancia que funciona como 
un imán con las nanopartículas de plata: las atrae y las agrega formando 
una especie de pelota. Cuanto mayor es la aglomeración, menor es la 
intensidad de la fluoresencia. “La luz que emiten las nanopartículas de 
carbono va disminuyendo conforme aumenta la concentración de plata. 
Midiendo esa señal de luz, se puede saber la cantidad de nanopartículas 
que hay en la muestra”, aclara la autora del estudio.  
Los investigadores realizaron pruebas con tres marcas 
comerciales de cosméticos, detectando nanopartículas de plata en todas. 
“Son cantidades pequeñas, minúsculas, que apenas inciden en la salud. 
Sin embargo, el uso de estas sustancias se ha multiplicado en los últimos 
años debido al desarrollo de la nanotecnología. Algunas de ellas son 
tóxicas por lo que es necesario identificarlas y cuantificarlas para evitar 
que su utilización pueda causar daños en la salud en un futuro”, indica 
Angelina Cayuela.   
El desarrollo de este método analítico forma parte de un proyecto 
de investigación financiado por la Consejería de Economía y 
Conocimiento de la Junta de Andalucía. Sobre la base de ese mismo 
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sensor de carbono fluorescente, los expertos trabajan actualmente en la 
detección de nanopartículas de oro y nanotubos de carbono, muy 
utilizados también en textiles, baterías y electrónica. “En función de la 
sustancia que se ponga en la superficie del sensor, se identificarán 
distintos tipos de nanomateriales. Nuestro objetivo ahora son los 
fullerenos. Su producción ha crecido mucho debido a sus numerosas 
aplicaciones. Su cuantificación es necesaria para prevenir riesgos”, 
concluye la investigadora.   
 
Enlaces nota de prensa 
http://noticiasdelaciencia.com/not/15129/desarrollan-un-sensor-
fluorescente-que-detecta-sustancias-toxicas-en-productos-de-cosmetica-
en-un-minuto/ 
http://www.20minutos.es/noticia/2512707/0/desarrollan-sensor-
fluorescente-que-detecta-sustancias-toxicas-productos-cosmetica-
minuto/ 
http://www.eldiadecordoba.es/article/cordoba/2071015/desarrollan/sens
or/fluorescente/detecta/sustancias/toxicas/minuto.html 
 
 
 
 
 
